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ABSTRACT

Singh, Niharika Ranjan. Ph.D., Purdue University, May 2012. A Study of Quark
Fragmentation using Kaons Produced in Association with Prompt D±

s /D± Mesons.
Major Professor: Matthew Jones.

Quarks are considered to be the fundamental constituents of hadronic matter,

but they have never been observed as free particles. When quarks are produced at

high energy colliders, they quickly form bound colorless states, which then decay to

produce the particles observed in experiments. The process by which an initially

free quark combines with other quarks to form a hadronic particle is called quark

fragmentation and has been described using phenomenological models since quarks

were first proposed. Since then, several models have been developed to describe the

quark fragmentation phenomenon, and these have been tuned to reproduce many

average properties of hadrons produced in high energy collisions.

In this dissertation, we describe an analysis that probes the properties of particles

produced in association with a hadron containing a charm quark that provides a way,

for the first time, to study what is thought of as the second particle produced in

the process of heavy quark fragmentation. Data from proton anti-proton collisions

was used to carry out this research, which were collected with the CDF II detector

at the Fermilab Tevatron and corresponds to 360 pb−1 of integrated luminosity. We

reconstruct D±
s and D± mesons, which contain charm quarks, and identify the kaons

produced in association with them. The kinematic properties of these kaons are

compared with predictions of the fragmentation models implemented in the PYTHIA

and HERWIG event generators. We find that kaon production in association with D±
s

mesons is enhanced at levels that are in agreement with the fragmentation models

but observe differences in production rates of kaons that are produced later in the

fragmentation process.



1

1. INTRODUCTION

The charm quark was discovered almost 40 years via the observation of the J/ψ par-

ticle that is a bound state containing a charm quark/anti-quark pair. This discovery

was significant because bound excited states of the charm quarks emitted photons

with regular energy spacing. Hence, precision spectroscopy of the two body charmo-

nium system provided a good method to probe the physics of the strong interaction,

similar to the case of the Hydrogen where studying atomic transitions significantly

contributed to the understanding of the electromagnetic (EM) interaction.

It was discovered that the coupling constant that determines the strength of the

strong interaction varies with separation or momentum transfer between quarks. In

the limit of infinitely small separation or larger momentum transfer, the strong inter-

action becomes weaker and the quarks are nearly free at very short distances. This

phenomenon is known as asymptotic freedom. Conversely, as the separation between

quarks increases (order ∼ 1 fm), the strength of the strong interaction increases

leading to quark confinement leading to the impossibility of observing free quarks.

Perturbation theory can be used to describe the properties of quarks at small

distances or high momentum transfers but it fails to describe the properties of low

momentum phenomenon. Hence, we mainly rely on models to emulate the features of

low momentum phenomena. An example of such a process is the quark fragmentation

phenomena by which quarks combine to form bound states.

Since the description of the fragmentation process is provided using models, it

is interesting to check these models with measurements in data. A unique way to

probe the quark fragmentation phenomenon is to study the production of charged

bound states containing lighter quarks in association with production of bound states

containing heavier quarks. In the analysis presented in this dissertation, we study the

production of charged kaons (bound states of up and strange quarks) in association
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with the production of D±
s (bound state of charm and strange quarks) and D± (bound

state of charm and down quarks) mesons. A naive picture of the D±
s /D± production

via the fragmentation process is shown in Figure 1.1. As illustrated in the figure, a

kaon with opposite sign charge is produced in the second branch of the fragmentation

process when a D±
s is produced, whereas a pion is produced when a D± meson is

created. Kaons with same sign charge are likely to be produced at similar rates around

both D±
s and D± mesons as shown in the figure. Hence by studying the properties

of kaons produced in association with D±
s /D± mesons we can extract information

about the various stages of the fragmentation phenomenon. Studying the production

of opposite sign kaons around D±
s mesons can provide information specifically about

the second branch in the fragmentation process. Information about distribution of

kaons produced in subsequent branches can be extracted by studying properties of

same sign kaons around both D±
s /D± mesons.
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Figure 1.1.: Naive picture of the quark fragmentation process depicting the production

of lighter bound states such as kaons K± and pions π± in association with heavier

bound states such as D±
s and D± via the combination of charm c quarks with lighter

quarks such as down d and strange s quarks.
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The outline of rest this dissertation is as follows. In Chapter 2, we discuss the

Standard Model in particle physics that is a theory describing the elementary particles

and their interactions via the fundamental forces in nature. A brief overview of the

models used to describe the quark fragmentation phenomena is presented in Chap-

ter 3. We use particle identification techniques to identify lighter charged bound

states such as kaons and pions using the techniques described in Chapter 5. The

overview analysis technique used to extract the distributions of kaons produced in

association with D±
s and D± mesons is described in Chapter 6. We study various

sources that can introduce systematic uncertainties in the measurements, which are

described in Chapter 7. Chapter 8 provides a discussion of the results of the charm

quark fragmentation analysis. A summary of the analysis and the results is provided

in Chapter 9.
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2. THE STANDARD MODEL

The Standard Model in particle physics attempts to describe three of the four known

fundamental forces in nature and the properties of the elementary particles that

interact via these forces, which are listed in Table 2.1. The fundamental forces that

are described extremely well by the Standard Model theory are the electromagnetic,

the weak and the strong force. The fourth fundamental force, gravity, is very weak at

the energies currently accessible in particle physics experiments and is excluded from

the Standard Model. The elementary particles described by the theory include quarks

and leptons, which constitute all the atomic matter that comprises about 4.6% of the

universe, and the force carriers that are mediators of the fundamental forces. About

23% of the universe is composed of dark matter, which may have a small proportion,

known as baryonic dark matter, that is composed of quarks and leptons.

The quarks and leptons are fermions with spin 1/2, whereas the force carrier

particles are bosons with spin one. Table 2.1 lists some properties of the 12 elementary

fermions and the force mediating bosons [1]. Each fermion has a corresponding anti-

particle, which has the same mass but opposite electric charge. Both leptons and

quarks can experience the weak interaction mediated via W± and Z bosons. The

electromagnetic (EM), force mediated via photons, is only experienced by charged

particles, and therefore, it affects quarks and charged leptons but not neutrinos. The

strong force, mediated via gluons, is only experienced by quarks since leptons do not

posses a color charge. The concept of color charge is similar to the concept of electric

charge described in the EM interaction, but is fundamentally distinct in principle.

Unlike the electric charge that can only take one value, namely positive (or negative)

charge, the color charge can take either of the three values, red (or anti-red), blue (or

anti-blue) and green (or anti-green). Bound states of quarks are known as hadrons

and can undergo the strong, weak and electromagnetic interactions. The hadrons are
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Table 2.1: Properties of elementary particles described by the Standard Model theory.

Each fermion has a corresponding anti-particle which has the same mass but opposite

electric charge.

Particle Mass Charge

up (u) 1.7 − 3.3 MeV/c2 +2/3

down (d) 4.1 − 5.8 MeV/c2 −1/3

Quarks charm (c) 1.27+0.07
−0.09 GeV/c2 +2/3

(Fermions) strange (s) 101+29
−21 MeV/c2 −1/3

top (t) 172.0 ± 0.9 ± 1.3 GeV/c2 +2/3

bottom (b) 4.19+0.18
−0.06 GeV/c2 −1/3

electron (e) 0.511 MeV/c2 −1

electron-neutrino (νe) < 2 eV/c2 0

Leptons muon (µ) 105.66 MeV/c2 −1

(Fermions) muon-neutrino (νµ) < 0.19 MeV/c2 0

tau (τ) 1.78 GeV/c2 −1

tau-neutrino (ντ ) < 18.2 MeV/c2 0

gluon (g) 0 0

Force Carriers photon (γ) < 1 × 10−18 eV 0

(Bosons) W± 80.40 ± 0.02 GeV/c2 ±1

Z0 91.188 ± 0.002 GeV/c2 0

further classified into baryons, which are made up of three quarks, and mesons, which

are comprised of a quark anti-quark pair.

The fundamental laws of nature do not seem to change if the fermions are re-

labeled in different ways. For example, the three color charges carried by quarks can

be re-defined independently at each point in space without changing any physical

observables. This freedom is an example of a symmetry transformation under which
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the theory is invariant, which is an idea central to the construction of the Standard

Model.

The mathematical formulation of the Standard Model is described by a non-

abelian gauge theory with the SU(3) × SU(2) × U(1) symmetry group, and is based

on relativistic quantum field theory. In a gauge field theory, fields are represented

by quantum mechanical operators that are used to describe particles such as quarks,

leptons and force carriers. Quantum Chromodynamics (QCD) forms the SU(3) com-

ponent that describes the strong interaction, and the SU(2)×U(1) component forms

the electroweak theory, which is a unified theory describing both the weak and the

electromagnetic interactions.

As an example of a gauge field theory, a brief description of the gauge symmetry

in the theory of Quantum Electrodynamics (QED) is provided below, which was the

first gauge theory to be formulated [2]. QED describes the electromagnetic interaction

and the Lagrangian is given by

L = ψ̄

[

iDµγµ −m

]

ψ − 1

4
FµνFµν (2.1)

where Dµ is the covariant derivative given by Dµ = ∂µ−ieAµ, and Fµν = ∂µAν−∂νAµ

is the operator of the electromagnetic field strength. The notations m and e represent

the mass of an electron and the electric charge, γµ are four Dirac matrices. The

operators Aµ(x) and ψ(x) represent the photon field and the positron (e+) fields

respectively. The electron field is given by ψ̄(x).

Since QED is a local gauge theory, the Lagrangian is invariant under the following

local gauge transformation of the field operators:

ψ(x) → eieΛ(x) ψ(x) (2.2)

ψ̄(x) → ψ̄(x) e−ieΛ(x) (2.3)

Aµ(x) → Aµ(x) + ∂µΛ(x) (2.4)

where Λ(x) is an arbitrary real valued function of space and time. Other charged

fermion fields, such as those representing quarks transform similarly to ψ(x). The
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phase factors eieΛ(x) belong to the symmetry group of unitary transformations in one

dimension. The general principles used in QED are extended to the other fundamental

forces by exploring other possible symmetry groups, such as the SU(3) group in

Quantum Chromodynamics, which is briefly described below.

2.1 Quantum Chromodynamics

QCD is the theory of the strong color interactions between quarks and is based

on the postulate that the SU(3) color symmetry is locally gauge invariant. The color

charge in the strong interactions is analogous to the electric charge in the electro-

magnetic interactions and both the strong and electromagnetic forces are mediated

by massless gauge bosons. However, gauge invariance in QCD is more complicated

than in QED and requires eight gauge bosons, namely the gluons, which also carry

color charge. This in contrast to QED, which has only one gauge boson, namely the

photon, which is electrically neutral. In addition, the local gauge invariance of the

QCD Lagrangian requires terms that result in self-coupling of the gluon field octet.

The gluon field operator Aµ is given by a matrix in color space:

Aµ =
∑

i

Ai
µλi/2 (2.5)

where Ai
µ are field operators of eight gluon fields, λi are the eight Gell-Mann matrices

and gs is the strong coupling constant. In QCD, the covariant derivative takes the

form:

Dµ = ∂µ − igsAµ (2.6)

In case of gluons, the field tensor Fµν is expressed through Aµ by a more complex

form than in the case of the photons:

Fµν = ∂µAν − ∂νAµ − igs [AµAν − AνAµ] (2.7)

which is different from the operator of the photon field shown in Equation 2.1 and

contains terms that result in self-coupling of the gluon fields, which represents the
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self-interaction of gluons. The eight colored gluon fields can be represented as com-

binations of the red (r), blue (b) and green (g) color and anti-color states [3]: Quarks

(q) can have either of the three r, b, g color (or anti-color) charges and the gluons carry

pairs of color charges such as rb̄, bḡ. As a consequence of the self-coupling between

gluons, the strong force allows quarks to form bound hadronic states only in colorless

qqq or qq̄ combinations of quarks. Other combinations such as qq or qqq̄q̄ do not form

bound states since the strong interaction is found to be repulsive.

Another important consequence of the self-coupling of gluons is that the strength

of the strong interaction between quarks diminishes at small distances, a phenomenon

known as asymptotic freedom. At short distances (r ≪ 1 fm), the color potential be-

tween quarks is like a Coulomb potential and varies as ∼ 1/r. The running coupling

constant αs(r) = g2
s(r)/4π decreases at very small distances where the momentum

transfer q increases, and at sufficiently large momentum transfer, the first order per-

turbative expression for αs is given by:

αs(q) ≈
2π

b ln(q/Λ)
(2.8)

where b = 11− (2/3)nf depends on the number of quark flavors nf and the constant

Λ is of the order of 0.1 GeV. Conversely, as the separation between quarks increases

to the order of r ∼ 1 fm, the strength of the strong interaction increases, leading

to quark confinement which prohibits the existence of free quarks. At distances of

r ∼ 1 fm, the strong coupling constant becomes large and perturbative QCD calcu-

lations do not converge rapidly. Instead, at such large distances or low momentum

regimes, the description of the interactions between quarks is provided using vari-

ous phenomenological models. One important low momentum phenomena that is of

primary interest in this dissertation, is referred to as quark fragmentation, which is

discussed in Chapter 3.
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2.2 The Electroweak Theory

The electroweak theory differs from QED and QCD in two characteristic features.

Firstly, the gauge theory is spontaneously broken resulting in massive gauge bosons

as discussed in Section 2.2.1. Secondly, the theory violates parity [2]. The parity

violation is exhibited by the fact that W± bosons, which mediate the charged weak

interactions, only couple to left handed fermions that have spins aligned opposite to

the direction of the momentum vector. On the other hand, the Z0 bosons, which

mediate the neutral weak interactions, couple to both left handed and right handed

fermions, but with different coupling strength. Furthermore, we have no experimental

evidence of the existence of right handed neutrinos or left handed anti-neutrinos, which

are absent in the Standard Model. This is based on the fact that processes like β

decay are observed to involve only left handed neutrinos.

The eigenstates of fermion fields in the electroweak theory are classified into left

handed doublets and right handed singlets as follows:





u

d′
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s′





L





t
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L





e
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µ−
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(
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(
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(
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The formalism of the unified electroweak gauge theory is given by the SU(2)×U(1)

component in the Standard Model. The symmetry in the SU(2) group refers to the

symmetry of the left-handed doublets in Equation 2.9. The gauge symmetry in the
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U(1) component is similar to but distinct from that of QED. Local gauge invariance

in the SU(2) group requires three gauge bosons, two of which correspond to the

W+/W− bosons. These charged gauge bosons are responsible for the dominant flavor

changing electroweak transitions between the three generations of leptons/quarks.

The local gauge invariance in the U(1) symmetry group requires another gauge boson

field, referred to as B0, which mixes with the third gauge boson W 0 from the SU(2)

symmetry group. The mixing of the gauge boson fields corresponding to B0 and W 0

produce the physical fields corresponding to the Z0 boson and the photon (γ). The

gauge boson fields and the physical fields are related by the following transformation:





γ

Z0



 =





cos θW sin θW

− sin θW cos θW









B0

W 0





where θW is the weak mixing angle.

The gauge symmetries in the Standard Model appear to be fundamental nature

and moreover, they provide a theory that is renormalizable. In a renormalizable

theory, infinities arising in the calculations of physical observables can be absorbed

into the definition of masses, coupling constants or other parameters of the theory

that must be determined experimentally. According to the theoretical predictions, the

W± and Z0 bosons should be massless like the photon. However, experimental results

showed that the W± and Z0 bosons are actually extremely massive. To overcome this

discrepancy between theoretical predictions and experimental results, the SU(2) ×
U(1) gauge symmetry is spontaneously broken via the Higgs mechanism discussed in

the section below.
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2.2.1 The Higgs Mechanism

In the unbroken electroweak theory, the massless gauge bosons consist of a weak-

isospin triplet, ~W , and an isospin singlet B. The Higgs mechanism introduces an

additional weak isospin doublet of scalar Higgs fields that is denoted by:

Φ =





φ+

φ0



 (2.10)

A renormalizable form for the scalar potential V is given by [3, 4]:

V =
1

2
µ2|Φ|2 +

1

4
λ|Φ|4 (2.11)

where µ is the particle mass and λ is a dimensionless coupling constant. The minimum

value of V occurs when ∂V/∂Φ = 0 i.e.

Φ(µ2 + λΦ2) = 0 (2.12)

If µ2 > 0, the lowest energy vacuum state with V = 0 is when Φ = 0. However, if

µ2 < 0 then the lowest energy state is given by V = −µ4/4λ at Φ = ±
√

−µ2

λ
. The

quantity v =
√

−µ2

λ
is called the vacuum expectation value of the scalar boson field Φ.

For most fields the energy is minimized when the field is set to zero. The construction

of the Higgs field is unusual in this respect since at the lowest energy state the field

Φ has a non-zero constant value. The potential V is symmetric with respect to Φ

for both µ2 < 0 and µ2 > 0 scenarios. However, for µ2 < 0 the distribution has two

minima at ±v. In weak interactions, calculations can be done by evaluating small

perturbations about either of the two minima, Φ = +v or Φ = −v. When a particular

value of the minimum is arbitrarily chosen, the symmetry of the scalar potential V is

broken, and is known as spontaneous symmetry breaking.

The complex fields representing the scalar Higgs doublet can be written as φ+ =

1√
2
(φ1+φ2) and φ0 = 1√

2
(φ3+φ4), and the anti-particle states are given by φ− = (φ+)∗

and φ̄0 = (φ0)∗. Three of the four components, φ+, φ−, φ0 and φ̄0 couple with the

W± and the Z bosons, assigning masses to the weak gauge bosons in the process.
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The fourth component manifests itself as the Higgs boson that is yet to be discovered.

Recent search results for the Higgs Boson hint that, if it exists, the mass is likely to

be in the range 124 − 126 GeV/c2 [5, 6], however, the results are not yet sufficiently

significant to claim a discovery.

As mentioned earlier, the phenomenon of spontaneous symmetry breaking assigns

masses to the gauge bosons, W± and Z0, of the electroweak interaction. The masses

of the electroweak gauge bosons are related by:

M2
W = ρM2

Z/ cos2 θW (2.13)

where θW is the weak mixing angle, MW is the mass of the W± and MZ denotes

the mass of the Z0 boson. The parameter ρ is unity to first order but higher order

corrections can be calculated using perturbation theory.

Another important consequence of the phenomenon is that the masses of the

charged fermions are related to their coupling to the Higgs field. A stronger coupling

of a fermion to the Higgs field results in a higher mass of the fermion. In addition,

the mass eigenstates of the down, strange and bottom quarks are different from their

electroweak eigenstates, and these two states are related via the CKM matrix as

discussed in the next section.

2.2.2 The Cabibbo-Kobayashi-Maskawa (CKM) matrix

The electroweak eigenstates d′L, s
′
L and b′L shown in Equation 2.9 are not the

same as the mass eigenstates d, s and b described by QCD. The two eigenstates are

related by a unitary transformation that can be expressed using the unitary Cabibbo-

Kobayashi-Maskawa (CKM) matrix:











d′

s′

b′











=











Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb





















d

s

b











(2.14)
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For the first two generations of quarks, the unitary transformation can be de-

scribed using a 2×2 matrix that can be expressed in terms of a single parameter, the

Cabibbo mixing angle θC as:





d′

s′



 =





cos θC sin θC

− sin θC cos θC









d

s



 (2.15)

The full CKM matrix describing quark mixing in all the three generations can

be parametrized using three mixing angles θ12, θ23 and θ13 and a complex phase

δ. Out of the many possible conventions, a standard choice [7] for expressing the

parameterization is:

VCKM =











c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13











(2.16)

where sij = sin θij and cij = cos θij . The angles θij can be chosen to lie in the

first quadrant such that sij, cij ≥ 0. The complex phase δ gives rise to the charge-

parity (CP) violation effects observed in flavor changing process in the Standard

Model. Several experimental results have shown that s13 ≪ s23 ≪ s12 ≪ 1, and it

is convenient to express this hierarchy using the Wolfenstein parameterization [8], in

which each element of the matrix is expanded as a power series in λ = sin θC :

VCKM =











1 − λ2

2
λ Aλ3(ρ− iη)

−λ 1 − λ2

2
Aλ2

Aλ3(1 − ρ− iη) −Aλ2 1











+ O(λ4) (2.17)

where the following definitions are used:

s12 = λ = sin θC =
|Vus|

√

|Vud|2 + |Vus|2

s23 = Aλ2 = λ|Vcb

Vus
| (2.18)

s13e
iδ = Aλ3(ρ+ iη) = V ∗

ub
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The Wolfenstein parameterization is accurate to third order in λ and is defined by

four independent parameters λ,A, ρ and η as shown in Equation 2.17. The diagonal

terms in the matrix are of order unity whereas the off diagonal terms are smaller by

factors of λ which implies that flavor changing weak decays between generations are

suppressed by factors of λ. The unitarity of the CKM matrix requires that:

∑

i

VijV
∗
ik = δjk (2.19)

∑

j

VijV
∗
kj = δik

where δii = 1 and δij = 0. The six vanishing combinations can be represented as

triangles in a complex plane. All the triangles have the same area which represents

the magnitude of the CP violating effects in the Standard Model. One of the unitary

triangles can be constructed using the following condition:

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0 (2.20)

VudV
∗
ub

VcdV ∗
cb

+
VtdV

∗
tb

VcdV ∗
cb

+ 1 = 0

The triangle is approximately equilateral, with vertices given by (0, 0), (1, 0) and

(ρ̄, η̄) = (1 − λ2/2)(ρ, η) as shown in Figure 2.1. The angles in the triangle are given

by:

α = arg

[

− VtdV
∗
tb

VudV ∗
ub

]

, β = arg

[

−VcdV
∗
cb

VtdV ∗
tb

]

, γ = arg

[

VudV
∗
ub

VcdV ∗
cb

]

(2.21)

The CKM matrix elements are fundamental parameters of the electroweak theory

and their precise determination is important as it could be sensitive to physics beyond

the Standard Model. Therefore, an important goal of flavor physics has been to over-

constrain the unitarity triangle shown in Figure 2.1. For example, if there were more

than three generations of quarks in nature, the triangle would not be closed. It would

in fact be a polygon with the number of sides equal to the number of generations.

Since CP violation involves the complex phases of CKM matrix elements, various

measurements of CP violating observables can be used to constrain the angles of the

unitary triangle and the (ρ̄, η̄) parameters.
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Figure 2.1.: A sketch of the unitary triangle resulting from the relation in Equa-

tion 2.20.

The elements of the CKM matrix can be measured by studying weak interac-

tions between hadrons. However, the elements are generally measured by studying

semi-leptonic decays of hadrons. Pure hadronic decays have a disadvantage that the

momentum distribution of quarks bound inside hadrons needs to be well understood

in order to make precise measurements. The momentum distribution is difficult to

obtain since perturbative QCD calculations are not applicable at momentum scales of

quarks constituting the hadrons. This problem is partly solved by using semi-leptonic

decays since the leptonic states are described very well by the electroweak theory.

The amplitude [4, 9] for a typical semi-leptonic decay such as q → q′l−ν̄l is given

by:

M ∼ [ū(l)γµ(1 − γ5)u(ν̄l)]
1

M2
W − q2

[ū(q̄′)γµ(1 − γ5)Vqq′u(q)] (2.22)

where Vqq′ is the relevant CKM matrix element, u(q), ū(q) are the quark creation

and annihilation operators, and u(l), ū(l) are the leptonic creation and annihilation

operators. The hadronic vertex in the interaction depends on the momentum transfer

q2 of the process that is parametrized using a function called the form factor. Table 2.2
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gives an overview of the processes that have been used for the determination [1,9] of

the CKM matrix elements.

Table 2.2: An overview of the processes used for the determination of the CKM

matrix elements.

Element Determination process

Vud Nuclear β decays and π+ → π0e+ν

Vus Semi-leptonic kaon and hyperon decays

(K0
L, K

±, K0
s → πeν, πµν)

Vub Inclusive B → Xulν̄ and B → πlν̄ exclusive decays

Vcd D → Klν, D → πlν and ν-ν̄ interactions

Vcs W+ → cs̄ decays,

semi-leptonic D or leptonic Ds decays

Vcb Exclusive and inclusive semi-leptonic

decays of B mesons to charm

Vtd B0-B̄0 oscillations and |Vtd/Vts| ratio

Vts B0
s -B̄

0
s oscillations and |Vtd/Vts| ratio

Vtb Top decays (t→Wq) and single-top

quark production cross section measurement

The most precise values of the CKM matrix elements are determined by perform-

ing a global fit that uses all the available measurements and imposes Standard Model

constraints such as unitarity of the three generation CKM matrix. The current best

estimates of the CKM matrix elements are:

VCKM =











0.97428 ± 0.00015 0.2253 ± 0.0007 0.00347+0.00016
−0.00012

0.2252 ± 0.0007 0.97345+0.00015
−0.00016 0.0410+0.0011

−0.0007

0.00862+0.00026
−0.00020 0.0403+0.0011

−0.0007 0.999152+0.000030
−0.000045











(2.23)
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The CKM matrix elements are important parameters as they influence the rates of

the flavor transitions between the three generations of quarks. These flavor changing

electroweak interactions play a vital role in the determination of the properties of B

hadrons such as their lifetimes and branching fractions of various decay modes.

2.3 Summary

The Standard Model is a gauge theory that provides an excellent description of

the properties of elementary particles and three of the four known forces in nature.

The gauge theory describes the interactions between quarks at very short distances or

high momentum transfers extremely well. However, we are unable to use the theory

to make calculations for describing low momentum transfer processes such the quark

fragmentation phenomenon, which is the primary focus of the study presented in this

dissertation. Various phenomenological models based on QCD have been developed

that are used to describe the quark fragmentation phenomenon as discussed in the

Chapter 3.
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3. QUARK FRAGMENTATION

QCD is a well established theory that describes the strong interaction but there

are some aspects where the theory only provides qualitative predictions. The QCD

Lagrangian describes the fundamental properties of quarks and gluons but exper-

imentally we can only directly observe hadrons in a detector. Perturbative QCD

calculations can be used to describe the properties of quarks and gluons at small dis-

tances or high momentum transfers, but since the strong coupling constant becomes

large at large distances, perturbation theory breaks down and fails to describe the

interaction between quarks and gluons as they move apart. This leaves a gap in the

theoretical description of the process by which partons produced in a high energy

interaction are transformed into the final observable hadrons.

A schematic representation of a high energy interaction showing the various phases

that lead to the formation of final state hadrons from initial state partons is shown

in Figure 3.1. The phenomenological picture of a typical high energy interaction con-

sists of an initial phase involving parton production, which can be described using

perturbative QCD. This is followed by a non-perturbative phase in which partons re-

cede from each other and are combined via the strong force to form colorless hadrons.

This non-perturbative phenomenon is known as quark fragmentation or hadroniza-

tion. The colorless hadrons formed in the fragmentation process subsequently decay

to lighter mesons via the strong and then the electroweak interactions as illustrated

in Figure 3.1.

3.1 Initial parton shower

Hadronic collisions, such as pp̄ collisions, involve interactions of their constituent

quarks and gluons with high momentum transfers. At these energy scales the strong
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Figure 3.1.: Schematic representation of the production of bottom quarks in a pp̄

interaction, which subsequently fragment to form b-hadrons that undergo strong and

then weak decays to lighter mesons.

coupling constant, αs, has a value of about 0.1, which is small enough that pertur-

bative QCD can be used to describe the interactions [9]. The Feynman diagrams for

some of the lowest order QCD processes that result in the creation of a bb̄ or cc̄, via

annihilation of two lighter quarks or fusion of two gluons are shown in Figure 3.2.

The generic expression for calculating the cross-section for the lowest order 2 → 2

processes, such as qq̄ → QQ̄ can be written as [4]:

dσ̂

dt̂
(qq̄ → QQ̄) ∼ |M|2/(16πŝ2) (3.1)
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where ŝ is the center-of-mass energy squared of the qq̄ system and t̂ is the square

of the difference in the energy of quarks q and Q quarks involved in the qq̄ → QQ̄

interaction. An important point is that ŝ is the center-of-mass energy squared of the

colliding quarks, which is not measured directly. It is related to the center-of-mass

energy squared s of the colliding hadrons by ŝ = x · s, where x is the fraction of

energy of the colliding hadrons taken up by the colliding quarks. The notation M
represents the amplitude of the qq̄ → QQ̄ interaction.

The net cross section for all the 2 → 2 interactions between constituent quarks of

the colliding hadrons h1h2 is obtained by summing over all pairs of initial quarks qq̄

and subprocess channels qq̄ → QQ̄:

dσ

dt
(h1h2 → 2jets) ∼

∑

qq̄QQ̄

∫ ∫

dxh1
dxh2

fq/h1
(xh1

)fq̄/h2
(xh2

)
dσ̂

dt̂
(qq̄ → QQ̄) (3.2)

where fq/h1
(xh1

) and fq̄/h2
(xh2

) represent the parton densities in the initial colliding

hadrons h1 and h2 respectively.

In addition to the two jet processes, higher order processes such as gluon emission

and flavor excitation can also lead to heavy quark production. Figure 3.3 shows the

Feynman diagrams for some of the higher order processes that can contribute to the

creation of a heavy flavor QQ̄ pair. The overall cross section for these higher order

processed can be obtained similar to the 2-jet cross section by summing over all the

possible ab→ cde sub-processes:

dσ

dt
(h1h2 → 3jets) ∼

∑

abcde

∫ ∫

dxh1
dxh2

fa/h1
(xh1

)fb/h2
(xh2

)
dσ̂

dt̂
(ab→ cde) (3.3)

In the leading order 2-jet processes, the quark and antiquark have opposite mo-

menta, but this will not be the case for higher order processes. In addition to qq̄,

heavy flavor can also be produced via gg → QQ̄ interactions as shown in figures 3.2

and 3.3. The quarks in a heavy flavor QQ̄ pair that is produced in a typical high

energy interaction, via these 2-jet and higher order process, subsequently recede and

hadronize to form bound states such as mesons and baryons via the quark fragmen-

tation phenomena.
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Figure 3.2.: Feynman diagrams for some leading order QCD processes resulting in

the creation of heavy quark-antiquark pairs QQ̄.

3.2 Quark fragmentation

The fragmentation process is a low momentum, non-perturbative phenomenon

with an energy scale of the order of a few GeV. Since perturbative QCD can not be

applied at such low energy scales, there is no formal theory that describes the process.

Instead, a number of models have been proposed to describe the quark fragmentation

phenomena. A brief overview of some of the fragmentation models is presented in the

following sections.
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Figure 3.3.: Feynman diagrams for some higher order QCD processes resulting in the

creation of heavy quark-antiquark pairs QQ̄.

3.2.1 The Feynman-Field Model

The Feynman-Field model is based on the assumption that quark jets produced in

the fragmentation process can be analyzed using a recursive principle [10, 11]. Con-

sider a quark of flavor q0 with momentum P0 that is moving away from an antiquark.

In this process, new quark-antiquark pairs are created from the field energy between

them. Subsequently, quark q0 then combines with an antiquark q̄1 from the new pair

q1q̄1 to form a meson q0q̄1 leaving the remaining quark q1 to combine with further

anti-quarks. A hierarchy of mesons is formed of which q0q̄1 is first in rank, q1q̄2 is sec-

ond in rank, q2q̄3 is third in rank, and so on. These are referred to as primary mesons

since they may be unstable resonances which eventually decay into more stable sec-

ondary mesons. The rank of a meson is assigned in the order of flavor production and
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not in the order of momentum. A rank two primary meson may sometimes obtain a

larger momentum than a rank one primary meson. If the rank one meson q0q̄1 carries

a fraction z of the initial quark q0 momentum P0, then the remaining cascade starts

with a quark of flavor q1 with momentum P1 = (1−z)P0. This recursive process con-

tinues until the momentum Pn = (1 − zn)Pn−1 of the nth quark falls below a cutoff

value and the recursion stops. The model assumes that for very high momenta, all

distributions scale so that they depend only on ratios of the hadron momenta to the

quark momenta.

The structure of a quark jet can be described by one arbitrary function f(η)

and three parameters describing the flavor, primary meson spin and the transverse

momentum. The function f(η) is defined such that f(η)dη is the probability that

the rank one primary meson leaves a fraction η of its momentum to the remaining

cascade and is normalized:
∫ 1

0

f(η)dη = 1 (3.4)

The single particle distribution F (z) is defined so that F (z)dz is the probability of

finding a meson, independent of hierarchy, with fractional momentum z within dz in

a jet.

Then, F (z) must satisfy the following integral equation

F (z) = f(1 − z) +

∫ 1

z

f(η)F (z/η)
dη

η
(3.5)

The probability that the meson can be of rank one is then given by f(1 − z)dz,

and if it leaves a momentum fraction η with probability f(η)dη, then in the remaining

cascade the probability of finding a meson with fractional momentum z in dz is given

by F (z/η)dz/η. A nice consequence of this formulation is that

∫ 1

0

zF (z)dz = 1 (3.6)

The functional form of f(η) is selected to be

f(η) = (d+ 1)ηd (3.7)
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which results in

zF (z) = f(1 − z) = (d+ 1)(1 − z)d (3.8)

The power of d = 2 gives a good qualitative description of the data for mesons made

out of light quarks such as up, down and strange quarks, but the model does not

include a description of heavy quark fragmentation or baryon emission.

3.2.2 The Lund String Model

The basic principle of the string fragmentation scheme involves the creation of

additional quark-antiquark pairs by the color force field [12, 13]. Let us consider

a quark-antiquark pair (q1q̄1) produced in a high energy interaction. Due to self

coupling nature of gluons, the color flux lines between q1 and q̄1 will be constrained

in a thin tube-like region as shown in Figure 3.4, unlike the electromagnetic field

lines which spread out over all space. As the q1q̄1 pair is pulled apart, the strong

coupling constant grows, stretching the color flux lines, and the energy of the color

field between the pair increases. Eventually, the energy of the color field between

the quark and anti-quark becomes large enough to create a new quark antiquark pair

q2q̄2 from the available field energy and produces two new strings connecting q1q̄2

and q2q̄1. If the color field between q1q̄2 and q2q̄1 has sufficient energy, the flux string

can further fragment to create new quark-antiquark pairs. Hence, the original string

repeatedly fragments into smaller strings as long as the energy in the string pieces

exceeds the invariant mass of a hadron.

Once the field energy is comparable to hadronic masses, the fragmentation process

ceases and only colorless hadrons remain. Some of the hadrons that are initially

produced may be unstable, such as bottom and charm mesons, and decay further

into more stable hadrons (such as pions, kaons), leptons or photons that are finally

observed in the detector. The hadrons that are produced in the fragmentation process

form a jet of particles that have small transverse momentum relative to the direction

of motion of their parent quark that was created in a high energy interaction. In the
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Figure 3.4.: Lines of force of the gluon field between a q1q̄1 pair created in a high

energy interaction. The gluon flux lines fragment as q1 and q̄1 move apart, creating

quark antiquark pair q2q̄2 at the breaking point.

longitudinal direction, the sum of the momenta of the hadrons is roughly equal to the

momentum of the parent quark.

At the fragmentation point, the quark-antiquark pairs are created according to a

probability that depends on the transverse mass m2
⊥ = m2 + p2

⊥, and the string con-

stant or energy per unit length, κ ≈ 1 GeV/fm. The probability of quark-antiquark

pair production is suppressed by a factor:

e−πm2

⊥
/κ = e−πm2/κ e−πp2

⊥
/κ (3.9)

As shown in the equation above, the dependence on the quark mass m suppresses the

production of heavier quarks. The transverse momentum p⊥ is locally compensated

between the quark and the antiquark. In the string fragmentation model, the light

cone energy-momentum fraction is defined as:

z =
(E + p‖)h

(E + p)q

(3.10)

where h represents a hadron that is formed by the combination of an energetic quark

q with other lighter quarks or anti-quarks pulled out of the vacuum, p‖ denotes the
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momentum of the hadron h along the direction of the quark q. The distribution of z

is given by the Lund symmetric fragmentation function:

fαβ(z) = Nαβ
1

z
zaα(

1 − z

z
)aβ e(−bm2

⊥
/z) (3.11)

where fαβ(z) gives the probability that a quark with flavor α combines with an anti-

quark with flavor β to form a meson with transverse mass m⊥ and energy-momentum

fraction z. The symbols aα and aβ are free parameters, one for each flavor. The

parameter b is universal and Nαβ is a normalization constant. However, in practice it

is customary to equate all aα and aβ parameters and obtain the following simplified

expression:

f(z) ∼ 1

z
(1 − z)a e(−bm2

⊥
/z) (3.12)

where a and b are free parameters that can be tuned so that the model predictions are

in accordance with the experimental results. The mass dependence in f(z) implies

that the fragmentation function decreases faster for heavier hadrons. As the mass

increases, the mean z for heavy hadrons asymptotically tends towards:

z ≈ 1 − 1 + a

bm2
⊥

(3.13)

Although the predictions for charms mesons agrees fairly with the experimental re-

sults, the model seems to predict a z distribution for bottom mesons that decreases

faster than that observed in data.

3.2.3 Peterson Fragmentation Model

Consider a heavy quark-antiquark pair QQ̄ produced in a parton shower following

some high energy collision. The initial fragmenting parton is a heavy quark Q (or

Q̄) and only a small fraction of its energy will be needed to create a number of

light quark-antiquark pairs with comparable velocity. Subsequently, the heavy quark

can combine with one or more of these light quarks to produce a heavy flavored

hadron HQ that will carry a large fraction of the original energy of the quark Q i.e.
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z = EH/EQ ∼ 1. This implies that the fragmentation of heavy quarks into heavy

hadrons will have hard distributions that will be concentrated at large values of z.

This behavior differs from the fragmentation of light quarks into light hadrons which

peaks at smaller values of z.

The Peterson fragmentation model is commonly used to describe the explicit fea-

tures of the heavy quark fragmentation process [14]. Figure 3.5 shows the transition

of a heavy quark Q with momentum P to a heavy hadron H(Qq̄) plus a spectator

light quark q via the creation of a qq̄ pair from the energy in the color force field. The

Figure 3.5.: The fragmentation of a heavy quark Q into a meson H(Qq̄) [14].

momentum of the hadron H is given by zP where z is the momentum transfer, thus

(1− z)P being the momentum of the spectator quark q. The model assumes that the

probability of the hadronization process Q→ H(Qq̄) is inversely proportional to the

energy transfer ∆E = EH + Eq − EQ in the transition

P(Q → H + q) ∝ 1

∆E
(3.14)

Expanding the energy terms in the expression for ∆E and assuming mH ≈ mQ we

obtain,

∆E =
√

m2
Q + z2P 2 +

√

m2
q + (1 − z)2P 2 −

√

m2
Q + P 2 (3.15)
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Assuming that the heavy quark Q fragments at high momentum i.e. mQ/P ≪ 1,

∆E ≃
m2

Q

2P

(

m2
q/m

2
Q

(1 − z)
+

1

z
− 1

)

(3.16)

∆E ∝ 1 − 1

z
− ǫQ

(1 − z)

where ǫQ = m2
q/m

2
Q. Including a factor 1/z for longitudinal phase space, the frag-

mentation function for heavy quarks is give by

DH
Q (z) =

N

z [1 − (1/z) − ǫQ/(1 − z)]2
(3.17)

where N is the normalization constant. The parameter ǫQ is the ratio of the effective

light and heavy quark masses. The value of mq is of the order of the non-perturbative

strong interaction scale ∼ (0.5-1)mp which gives ǫQ ∼ (0.1-0.5)/m2
Q. As ǫQ decreases,

the peak of the fragmentation function moves closer to z = 1. An example of the

Peterson fragmentation function is shown in Figure 3.6. The momentum transfer, z,

spectrum is harder for a bottom quark as compared to the charm quark.

3.2.4 Cluster Fragmentation Model

In the cluster fragmentation model, the gluons that are produced in the final

stages of the parton shower are split into qq̄ pairs. The qq̄ pairs recombine with

other nearby quarks and anti-quarks that are produced by the parton shower to form

loosely bound color singlet states. These bound states are referred to as clusters

and have mass of the order of 1 GeV/c2, which is the non-perturbative energy scale

attained at the end of the parton shower. The phenomenon of formation of clusters

is referred to as pre-confinement [15]. Figure 3.7 naively illustrates how the large

initial energy (
√

Q2) decreases through successive and almost collinear creation of

new quark-antiquark pairs. The creation of new pairs continue till the threshold of
√

Q2
0 ∼ 1 GeV/c2 is reached.

The clusters usually decay into one or two lighter stable hadrons, whereas heav-

ier clusters can decay into two clusters. The decay of a cluster into two hadrons is
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Figure 3.6.: Fragmentation functions Dc(z) and Db(z) for charm and bottom quarks.

The functional form is shown in Equation 3.17. The distributions are made using

ǫc = 0.15 and ǫb = 0.15(mc/mb)
2 = 0.016 [14].

assumed to be isotropic in the rest frame of the cluster. The hadron type or decay

channel of the cluster is determined by the available phase space. The cluster frag-

mentation model has an advantage of having few parameters and a simple mechanism

for generation of the momentum spectra.

3.3 Summary

Quark fragmentation is a low momentum process that is not calculable using per-

turbative QCD, but various phenomenological models have been developed based on

QCD in order to describe the non-perturbative process. Since some experimental tech-

niques rely on aspects of fragmentation that we anticipate, it is useful and interesting

to study to what extent the models describe observations. The research described

in this dissertation explores an aspect of fragmentation that has not previously been

studied, which is relevant for analyses of B-mesons at hadron colliders.
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Figure 3.7.: Example diagram showing evolution of jets using cluster fragmentation

model, in a typical high energy interaction. Final partons qv, q̄1...q̄v have energy of

the order of few GeV and combine to form color singlet clusters Ci [15].



31

4. EXPERIMENTAL APPARATUS

The experimental apparatus used in our analysis is the upgraded Collider Detector

at Fermilab, also known as CDF II, which observes the results of high energy pp̄ col-

lisions, allowing us to study various fundamental physical phenomena. This chapter

provides an overview of the accelerator complex which produces proton-antiproton

collisions in the CDF II detector and also provides a description of the various com-

ponents of the detector.

4.1 The Accelerator Complex

The purpose of the accelerator complex is to produce protons and anti-protons,

accelerate them to 980 GeV and deliver the high energy beam to various experi-

ments [16]. The particle beams are delivered to the CDF experiment where pp̄ col-

lisions can occur at a center of mass energy of
√
s = 1.96 TeV. The configuration

of the accelerators used at Fermilab is shown in Figure 4.1. The accelerator complex

consists of several components since particles can not be created and accelerated from

rest to 980 GeV in the same device. This section presents a brief description of the

various components of the accelerator complex.

4.1.1 Pre-Accelerator

The Cockcroft-Walton pre-accelerator is the first accelerator in the complex. The

pre-accelerator consists of a source housed in an electrically charged dome that pro-

duces negatively charged hydrogen ions (H−) by ionizing hydrogen gas. The dome

is charged to a potential of −750 keV and accelerates the H− ions to an energy of

750 keV through a column from the charged dome towards a grounded wall. The
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Figure 4.1.: Overview of the accelerator complex at the Fermi National Accelerator

Laboratory (Fermilab) [16].

basic design of the accelerator consists of an assembly of voltage doubler circuits and

the ions are accelerated by the potential differences between the stages of the assem-

bly [17]. After the beam of H− ions exits the accelerating column, it is delivered to

a linear accelerator.

4.1.2 Linear Accelerator

The linear accelerator is approximately 500 feet long and accelerates H− ions with

an initial energy of 750 keV to a final energy of 400 MeV. The Linac consists of two

main accelerating components, the low energy drift tube Linac (DTL) consisting of

the first five RF stations and the high energy side-coupled cavity Linac (SCL) which
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consists of the last seven RF stations. The DTL accelerates H− ions from 750 keV

to 116 MeV using oscillating electric fields applied to drift tubes. The side-coupled

cavity Linac (SCL) takes the 116 MeV beam of H− ions from the drift tube cavities

and accelerates the beam to 400 MeV. The SCL consists of several side-coupled

cavity modules. The modules are not one cavity like the drift tubes, but rather

several separate cavities powered by the same RF source by coupling.

Bunching is a natural feature of the Linac since the oscillating electric field in a

drift tube pushes back the slow H− ions, which do not enter the drift tube before

the electric field points in the decelerating direction. On the other hand, the ions

that traverse the gap between the drift tubes and enter the next drift tube while

the electric field is pointing in the positive direction are accelerated. Next, the final

400 MeV beam of H− ions is transferred to the Booster.

4.1.3 Booster

The Booster is the first circular accelerator, or synchrotron, in the chain of accel-

erators and has a diameter of 150 meters. It is made up of 96 magnets in a series of 24

repeating periods which bend the beam and also focus the beam either horizontally

or vertically. The Booster has 18 RF cavities, located around the Booster ring, in-

terspersed with the magnets. Each RF cavity contains a drift tube with accelerating

gaps at both ends.

The Booster accepts the 400 MeV H− ions from the Linac. At injection, the two

electrons are stripped off from the H− ions by sending them through a carbon foil.

The remaining H+ ions (i.e. protons) are accelerated to an energy of 8 GeV.

The frequency of the bunches from the Linac does not match the frequency of

the RF cavities in the Booster. Since the bunches arriving from the Linac are out of

phase with the Booster RF cavities, the bunch structure from the Linac disappears

resulting in a constant line of charge. After all of the beam has been injected into

the Booster, the Booster RF cavities eventually come into phase with each other and
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a new bunch structure is formed. Once the beam of proton bunches is accelerated to

8 GeV it is delivered to the Main Injector.

4.1.4 Main Injector

The Main Injector is the next stage of the accelerator complex and is used as

both a pre-accelerator for injecting protons into the Tevatron and for delivering the

proton beam to the anti-proton production target. It is a synchrotron with eighteen

accelerating RF cavities and has a circumference of almost two miles.

The Main Injector has numerous dipole and quadrupole magnets and can accel-

erate 8 GeV protons from the Booster to either 120 GeV or 150 GeV, depending on

their destination. The 120 GeV proton beam is delivered to the anti-proton source for

p̄ production, the fixed target and neutrino experiments at Fermilab. The 150 GeV

proton beam is injected into the Tevatron. The Main Injector also accepts 8 GeV anti-

protons (p̄) from the anti-proton source, accelerates them to 150 GeV and delivers

the accelerated anti-proton beam to the Tevatron.

4.1.5 Anti-Proton Production

The Main Injector provides 120 GeV protons to the anti-proton source for p̄

production. The anti-proton source is comprised of several components which collect

anti-protons from the target, cool them and store them prior to injection into the

Tevatron. Anti-protons are produced by colliding a beam of 120 GeV protons with

a nickel alloy target. Various nuclear interactions take place when the high energy

protons strike the target resulting in the production of numerous secondary particles.

The particles produced in the interactions can be selected based on their momentum

and charge using a system of magnets. A beam of 8 GeV anti-protons is collected

from the spray of secondary particles and is transferred to the Debuncher. The anti-

proton production efficiency is about 10−6 anti-protons per incident proton on the

nickel target.
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The Debuncher is a synchrotron with a mean radius of 90 meters. The beam

of anti-protons that is transfered to the Debuncher has a large momentum spread.

The primary purpose of the Debuncher is to efficiently capture the 8 GeV anti-

proton bunches from the target station and reduce their momentum spread. Once

the energy of the anti-protons is nearly uniform, the Debuncher delivers them to the

Accumulator. The Accumulator is a synchrotron with a mean radius of 75 meters

and is housed in the same tunnel as the Debuncher. The purpose of the Accumulator,

as the name implies, is to accumulate anti-protons at an energy of 8 GeV until they

are needed for injection into the Tevatron via the Main Injector.

Anti-proton production was limited by the fact that the emittance of the anti-

protons got bigger as more of them were stored in the accumulator. To solve this

issue, another larger storage ring known as the Recycler was used for storing and

cooling 8 GeV anti-protons [18]. The Recycler is a synchrotron located along the

ceiling of the Main Injector tunnel and is built using permanent magnets. It accepts

anti-protons from the Accumulator via the Main Injector and cools them using both

stochastic and electron cooling, in order to reduce the energy spread of the anti-proton

beam. Electron cooling is a process in which a beam of electrons is merged with

the anti-proton beam and the random energy of the anti-protons is transfered to the

electrons via the Coulomb interaction, reducing the energy spread of the anti-protons.

Stochastic cooling uses the electrical signals produced by individual anti-protons in

the beam to drive an electro-magnet device, known as an electric kicker. This device

kicks individual anti-protons in the beam to reduce the transverse momentum spread.

These individual kicks are applied continuously and over an extended period of time,

which eventually reduces the overall momentum spread of the anti-proton beam.

Hence, the two cooling methods used in the Recycler together reduce the longitudinal

and transverse spread of the anti-proton beam. When needed, the 8 GeV anti-protons

in the Recycler are sent to the Main Injector for injection into the Tevatron.
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4.1.6 Tevatron

The Tevatron is the final and largest component of the accelerator complex, with

a circumference of approximately 4 miles. It is a synchrotron with eight accelerating

cavities and has cryogenically cooled superconducting magnets for bending and fo-

cusing of the particle beams. The purpose of the Tevatron is to accept both protons

and anti-protons from the Main Injector, accelerate them from 150 GeV to 980 GeV

and collide the two counter-circulating beams.

The protons and anti-protons are circulated in 36 bunches which collide every

396 ns at two intersection points on the Tevatron ring, known as B⊘ and D⊘. The

CDF II detector is located at the B⊘ intersection point and another detector is located

at D⊘ that is its namesake. During the bunch crossing one or more pp̄ collisions may

occur creating secondary particles that are recorded by the two detectors.

4.2 The Collider Detector at Fermilab

The upgraded Collider Detector at Fermilab (CDF II) [19] is a general purpose

solenoidal detector. An isometric overview of the CDF II detector is presented in

Figure 4.2, which shows several main components.

The tracking systems, namely the silicon detectors and the Central Outer Tracker,

are contained in a superconducting solenoid. The superconducting solenoid is 1.5 m

in radius, 4.8 m in length and made of an aluminum-stabilized NbTi conductor.

It is operated with a current of 4650 A to generate a uniform magnetic field of

about 1.4 T inside the tracking volume. The solenoid is contained within a cryostat

where it is cooled by liquid helium. Just outside the tracking system and inside the

cryostat is the Time-of-Flight (TOF) detector. The TOF sub-system is followed by the

electromagnetic and hadronic calorimeters. The muon chambers are located beyond

the calorimeter systems. The various detector sub-systems are briefly described in

this section. Another important aspect of the CDF II detector is the trigger system

which is discussed in Section 4.2.7.
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Figure 4.2.: An isometric view of the Collider Detector at Fermilab [19].

Particles created in pp̄ collisions pass through the various components of the

CDF II detector and can be detected by one or more of the sub-detectors depending

on the type of the particles. Figure 4.3 shows a schematic view of the passage and

detection of different particles species in some of the sub-detector systems of CDF II.

4.2.1 Conventions and definitions used at CDF

The proton and anti-proton beams travel along the horizontal axis and the di-

rection of the proton beam is defined as the positive z direction. The detector is

approximately symmetric around the beam axis and the vertical plane intersecting

at the collision point. In Cartesian coordinates, the x axis is defined such that it

points radially outwards from the center of the Tevatron, while the y axis points up-

wards. The x-y plane perpendicular to the beam line is referred to as the transverse
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Figure 4.3.: A schematic view showing the passage and detection of different particles

in the various sub-systems of CDF II [19].

plane and the projection of a particle’s momentum vector onto this plane is called the

transverse momentum, pT . Because of the cylindrical symmetry, it is sometimes more

convenient to use a polar (r, φ, θ) or, a cylindrical (r, φ, z) coordinate system, instead

of the Cartesian coordinate system. The quantity r is defined as the radial distance

from the center of the detector. The azimuthal angle φ is defined with respect to the

positive x axis and the polar angle θ is defined with respect to the positive z axis.

In pp̄ collisions, the colliding partons carry only a fraction of the kinetic energy

of the proton or the anti-proton. Hence, all of the center-of-mass energy of the

interacting beams is not absorbed in the collision. Therefore, the center-of-mass

system of a parton collision is boosted along the z-axis by an unknown amount.

However, the quantities defined in the transverse plane are Lorentz invariant in the

collisions.

The position of a pp̄ collision, from which many tracks originate, is referred to as

the primary vertex. The displacement of other vertices with respect to the primary
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vertex is often described by Lxy, the transverse decay length in the laboratory frame,

defined as:

Lxy = ~r · p̂T (4.1)

where ~r is the displacement of the decay vertex in the transverse plane and p̂T is

the unit vector in the direction of ~pT . Another variable that is frequently used while

referring to the detector geometry is the pseudorapidity, η, which is defined as:

η = − log

[

tan

(

θ

2

)

]

(4.2)

4.2.2 Tracking at CDF

Tracking is the process of reconstructing the trajectories of charged particles,

produced in pp̄ collisions, which deposit energy in the detector. This process is central

to our analysis as it is used in the reconstruction of charm mesons and associated

charged particles. A cross sectional view of the tracking systems at CDF II is shown

in Figure 4.4. The innermost tracking system is the silicon vertex detector, which

consists of three sub-detectors, described in Section 4.2.3. The second tracking system

used at CDF is the Central Outer Tracker, which is described in Section 4.2.4.

A charged particle traveling through the detector looses energy as it ionizes the

detector material. The tracking systems detect this ionization and various pattern

recognition algorithms can use these signals to map out the trajectory of the particle.

Five parameters are used to describe the trajectory of a charged particle traveling

through the magnetic field: the curvature of the track (C), the distance of closest

approach of the track to the origin or primary vertex of the event (d0), the azimuthal

angle of the track at the point of closest approach (φ0), the z position of the track

(z0) at the point of closest approach and the cotangent of the polar angle (cot θ). The

values of these five parameters for each track are obtained by performing a fit to the

measured pattern of signals in the tracking detectors.
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Figure 4.4.: An overview of the tracking layout at CDF II showing the different

sub-detector systems [19].

4.2.3 Silicon Detectors

The innermost component of the silicon vertex strip detector at CDF is called

Layer 00 around which is located the silicon vertex detector (SVX-II) and the Inter-

mediate Silicon Layers (ISL). Figure 4.5 shows a cross-sectional view of the silicon

detector system in the r-φ plane. The η coverage of the silicon detector system is

shown in Figure 4.6.

The silicon strip detectors at CDF provide a precise determination of the trajec-

tory of a charged particle close to the beam line. Sensors used in the silicon tracking

detector are made of silicon substrate doped to form a reverse biased p-n junction.

When a charged particle passes through the semi-conductor material of the silicon

detector, electron-hole pairs are produced. The electrons drift towards the anode and

the holes drift towards the cathode where they are collected. The amount of charge

is proportional to the path length traversed by the charged particle in the detector
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material. In these micro-strip detectors, the typical distance between two strips is

about 60 µm and each layer has a nominal thickness of 300 µm. The charge deposited

by an ionizing particle is referred to as a hit. A particle passing through the silicon

detector leaves a hit in one or more adjacent strips creating a hit cluster.

The radial extent of the silicon system is 1.5 ≤ r ≤ 28 cm and it extends ∼
90 cm along the z axis. The innermost component, Layer 00, consists of one layer of

single sided silicon micro-strip sensors oriented parallel to the beam axis providing

r-φ position measurements only. The SVX-II and ISL are made up of double sided

micro-strip sensors. The double sided design provides the important benefit of two

dimensional information on the location of hit clusters created by an ionizing particle

passing through the detector.

The SVX-II consists of five double sided layers of silicon strips arranged in three

29 cm long barrels. The second and fourth layers of the SVX-II detector have a small

stereo angle (1.2◦) and the remaining three layers have a 90◦ stereo angle relative

to the z direction. The layers are positioned at increasing radii and each layer is

composed of four silicon sensors, which are aligned length-wise in a ladder structure

with readout electronics mounted onto the ends of the ladders. All the SVX-II barrels

are divided into 12 azimuthal wedges, each wedge covering 30◦ in φ with a small

overlap at the edges. The ISL sub-detector system consists of two layers of double

sided silicon sensors arranged outside the SVX-II detector and provides small angle

(1.2◦) stereo information as well.

4.2.4 Central Outer Tracker

The Central Outer Tracker (COT) is a cylindrical drift chamber located between

the silicon detector and the Time-of-Flight detector. It is the main tracking device

at CDF II and provides accurate tracking information in the r-φ plane for the mea-

surement of the transverse momentum, pT , of a particle. The active volume of the

COT begins at a radius of 43 cm from the beam line and extends out to a radius of
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64 cm 

SVX II

 ISL

Layer 00

Figure 4.5.: A cross-sectional view of the silicon detector at CDF II showing the three

sub-detector systems in the r-φ plane [19].

133 cm [19,20]. The chamber is 310 cm long along the beam line. The COT contains

96 sense wires which are radially grouped into 8 superlayers. Each superlayer is di-

vided into supercells in φ, each of which has 12 sense wires as shown in Figure 4.7.

The COT contains 30, 240 sense wires in total that span the entire length of the de-

tector in z. Half of the wires are aligned in the z direction (called axial wires) and

half run at a small stereo angle (2◦) with respect to the z direction (called stereo

wires). Particles produced in pp̄ collisions having |η| < 1 pass through all the 8 su-

perlayers of the COT, while those with |η| < 1.3 pass through at-least 4 superlayers.

Figure 4.8 shows the layout of supercells in the second superlayer of the COT. The

supercells consist of sense and potential wires (for electric field shaping) and a field

(cathode) sheet on either side. The sense and potential wires are 40 µm in diameter

and are made of gold plated tungsten. The field sheet is 6.35 µm thick Mylar with
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Figure 4.6.: A cross-sectional view of the silicon detector at CDF II showing the three

sub-detector systems in the r-z plane [19].

vapor-deposited gold on both sides. The COT chamber is filled with a nearly equal

mixture of argon and ethane gas.

Charged particles produced in pp̄ collisions travel through the COT and ionize the

gas, producing electrons that drift along the electric field lines to the nearest sense

wires. Collisions between the electrons and atoms of the gas in the high electric field

region in close vicinity of the sense wire cause an avalanche multiplication of charges.

The resulting charge is collected at the sense wire and the signal is detected through

the read-out electronics. The tracking algorithms find charged particle trajectories

that provide the best match to the observed pattern of hits on the sense wires. The

hit position resolution is approximately 140 µm. The COT information for a charged

particle can also be used in silicon reconstruction by matching the hits in the silicon
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Figure 4.7.: Layout of the field sheet and sense wire planes in 1/6 th section of the

COT end plate [19].

detector to the pattern of hits on the sense wires in the COT. The set of hits or

signals found in the COT, SVX, ISL and L00 detectors allow the determination of

track trajectories using a variety of algorithms depending on the order in which the

information from different tracking systems is processed. The track reconstruction

efficiency is about 95% for tracks which pass through all the eight COT superlayers

with pT ≥ 400 MeV and about 99% for those with pT ≥ 2 GeV. This efficiency is

largely dependent on the number of tracks in the chamber at a given time. Numerous

closely spaced tracks can produce ambiguity among hits resulting in a failed track

reconstruction.

The momentum of a charged particle produced in pp̄ collisions is determined

from the curvature, C, of its trajectories as it bends in the magnetic field inside the

tracking chamber. The relation between the transverse momentum of a particle and

its curvature in a magnetic field, Bz, is given by:

pT =
ABz

|C| (4.3)
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Figure 4.8.: Layout of wires in three supercells in 2nd superlayer of the COT which

runs along the beam direction [19].

where A = 1.5× 10−3 GeV cm/T. The transverse momentum resolution of the COT

is about σpT
/p2

T = 0.0015 GeV−1.

Another important application of the COT is particle identification, using the

ionization energy loss per unit track length (dE/dx) of a particle as it travels through

the detector. The ionization energy loss of a particle is related to its velocity and

hence, the COT can be used for identifying charged particle species by extracting the

particle’s mass by combining velocity and momentum measurements. Identification
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of charged particles using dE/dx information from the COT is an important aspect

of the analysis presented in this dissertation and is discussed in detail in Chapter 5.

4.2.5 Time-of-Flight detector

The Time-of-Flight (TOF) sub-detector is located between the tracking system

and the cryostat for the solenoid magnet as shown in Figure 4.9. The TOF system is

the primary detector system designed to distinguish between pions, kaons and protons

with pT ≤ 1.5 GeV/c by measuring the time it takes these particles to travel from

the pp̄ collision point to the TOF system. The detector is composed of 216 bars of

Figure 4.9.: Location of the Time-of-Flight system in the Collider Detector at Fermi-

lab [19].

Bicron BC408 scintillator, each of which is 279.5 cm in length with a trapezoidal cross

section of about 4 cm × 4 cm [21]. The bars are arranged in a cylindrical geometry

at a radius of approximately 140 cm from the beam line, each covering ∼ 1.7◦ in φ
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and pseudorapidity range |η| < 1. A Hamamatsu R7761 19-stage fine-mesh photo-

multiplier tube (PMT) with a diameter of 1.5′′ is attached to each end of every bar.

Charged particles passing through the scintillator material produce photons that

propagate towards the photo-multiplier tubes located at each end of the bar. The

PMTs have a gain of ∼ 30000 inside the 1.4 T magnetic field of the CDF II solenoid.

The analog signal is processed by a pre-amplifier circuit mounted on each PMT before

being passed to the read-out electronics, where the signal time and amplitude are

digitized. The signal from each of the 432 channels follows two paths, one for the

timing measurement and the second for a charge measurement.

The location of the bar where the signal is detected corresponds to the φ coordinate

of the arrival point of the particle in the TOF system. The z position of the signal

in the bar can be determined by comparing the arrival times of the pulses recorded

by the PMTs at each end of the bar. Although we do obtain some information

about the φ and z coordinates from TOF signals, they are measured more precisely

in the COT. Hence, the z position measured using the PMT hits in the TOF system

must be consistent with the z position determined from the COT. This is verified by

extrapolating the particle trajectory in the COT to the TOF system and matching

the trajectory with the z position of the hits in the scintillator bar.

The combination of time-of-flight of a particle measured by TOF and dE/dx

information from the COT allows us to identify charged particles in practically all the

pT regions accessible at CDF. Particle identification is a central part of our analysis

since we measure the fraction of pions, kaons and protons produced produced in

association with charm mesons. The details of the particle identification technique

using the TOF sub-detector are discussed in Chapter 5.

4.2.6 Calorimeters and Muon Chambers

The information obtained from the Calorimeter systems and Muon Chambers does

not have a significant contribution to the analysis presented in this dissertation. A
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brief description of these systems is presented in this section since they are important

components of CDF and form an integral part of numerous other analysis performed

using CDF data.

Calorimetry at CDF is used to distinguish electrons and photons from hadronic

particles by measuring particle energy deposition. The calorimeter systems surround

the solenoid magnet and are divided into two categories: Electromagnetic (EM)

calorimeters which absorb the energy of electrons and photons via electromagnetic

interactions and Hadronic calorimeters which stop long lived mesons and baryons by

absorbing their energy via strong interactions with the nuclei in the detector mate-

rial. The operational volume of the calorimeter systems is made up of layers of an

absorbing metal material alternated with signal processing scintillator layers. In the

EM calorimeter systems, lead is used as the absorber to induce bremsstrahlung in

high energy electrons or electron-positron pair production by photons conversions.

The resulting shower of secondary electrons and photons is detected by the PMTs

attached by light guides to the scintillators and the signal strength is proportional

to the energy of the incident particle. Iron is used as the absorbing material in the

hadronic calorimeters, which induces hadronic showers via a variety of nuclear in-

teractions. The secondary particles resulting from the hadronic interactions produce

signals in the corresponding scintillators. Each sub-detector is segmented into towers

in η and φ. The central electromagnetic (CEM) and central hadronic (CHA) calorime-

ters cover the pseudorapidity range |η| < 1.1. Each tower in the central calorimeter

system spans about 0.1 in η and 15◦ in φ. In the higher η regions, the plug calorime-

ter systems (PEM and PHA) extend the coverage to |η| = 3.6. The towers in the

plug calorimeter systems are arranged in variable segmentations ranging from 0.1 to

0.6 in η and 7.5◦ to 15◦ in φ. The wall hadronic system (WHA) bridges the gap

between the central and plug hadronic components. Hadronic calorimeter towers are

located directly behind the corresponding EM calorimeter towers and have matching

segmentation.
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Muons are minimum ionizing particles and typically traverse and exit the CDF II

detector before decaying without creating any showers in the calorimetry systems.

The role of the muon systems it to reconstruct short tracks known as muon stubs

at the outermost radii of the detector. A minimum of three muon hits is required

for reconstructing a muon stub. Muon candidates are identified by extrapolating

the reconstructed tracks from the inner tracking systems to the muon chambers,

where they are tested for matches with muon stubs. In order to be considered as

a match for a muon stub, the tracks in the COT are required to have minimum

transverse momentum of pT ≥ 1.4 GeV/c. The CDF II detector contains four muon

systems: the central muon (CMU), the central muon upgrade (CMP), the central

muon extension (CMX) and the intermediate muon (IMU) detectors. The CMU is

located outside the central hadronic calorimeter (CHA) and is segmented into 144

modules in φ each containing 4 layers of 4 rectangular drift cells. The sense wires

are immersed in the same argon-ethane mixture used in the COT. It provides a

coverage of |η| < 0.6 and pT > 1.4 GeV/c. The CMP is an additional central muon

detector located behind 60 cm thick steel shielding. It provides roughly the same

coverage as the CMU and allows for cleaner muon identification due to the presence

of steel absorbers. Since CMP is located behind thick steel shielding, a minimum

pT of 2.2 GeV/c is required for the muons to reach the detector. The coverage of

CMX detector is beyond the central muon systems, in the range 0.6 ≤ |η| ≤ 1.0.

It consists of a conical arrangement of drift cells within layers of scintillators. The

CMX is azimuthally segmented in 15◦ wedges each comprised of 8 layers of rectangular

drift cells. The IMU consists of a barrel of drift chambers and scintillator counters

which are similar to those of the other muon systems and provides a coverage of

1.0 ≤ |η| ≤ 1.5.
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4.2.7 Overview of the Trigger system at CDF

The trigger system at CDF is essential since it is not physically feasible to store

information about every single pp̄ collision. At CDF, collisions occur roughly at a

rate of 2.5 MHz, with the number of pp̄ collisions occurring at every bunch crossing

depending on the instantaneous luminosity delivered by the Tevatron. The data from

the readout electronics of the full detector is referred to as an event, which has a

size of approximately 250 kB. Hence, saving the full detector readout information

for every event would be challenging in terms of both the bandwidth and storage

capacity.

A trigger system is used, which is basically a filter to reduce the data rates and

volumes to more manageable levels while selecting events that are likely to be useful

for physics analyses. The data acquisition system can write up to 100 events per

second to a buffer disk. The trigger system has to be fast enough to analyze every

collision and decide which 100 events out of the total 2.5 million events should be

recorded on tape every second. The trigger system is divided into three stages referred

to as Level 1 (L1), Level 2 (L2) and Level 3 (L3). A schematic view of the data flow

through the triggering system is shown in Figure 4.10.

The selection criteria at each level is more restrictive than the previous level

reducing the event rate at every stage. Each level of the trigger has a certain maximum

amount of time to decide whether a particular event is to be accepted or rejected. The

time taken to make a decision may vary significantly from event to event. While the

information about a current event is being processed, the detector readout information

from other events is stored in the system. If the event is accepted, the information

is sent to the higher level of the triggering system. Otherwise the information is

overwritten by the data for the next event.

A particular set of criteria that an event is required to satisfy at L1, L2 and L3

defines the particular trigger path. The CDF II trigger system implements about 100

different trigger paths and an event is accepted if it satisfies the criteria for any one
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Figure 4.10.: A schematic diagram of the CDF II trigger system. The pp̄ bunch

crossing interval is 396 ns although the Tevatron and CDF II are designed to handle

a bunch crossing interval of 132 ns. The nominal data storage frequency is 100 Hz [19].

of the trigger paths. Figure 4.11 shows a block diagram of the various trigger paths

implemented at L1 and L2. The trigger path that is used to select events for the
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analysis presented in this dissertation is the two track trigger described in detail in

Section 4.2.8.

As the Tevatron luminosity decreases, the rate of events meeting a given trigger

requirement is also reduced. However, the rate at which events are read and stored

remains unchanged. If very strict requirements were enforced on the trigger paths such

that they pass events at acceptable rates for high luminosities, the trigger bandwidth

would become under-utilized as the luminosity decreases. On the other hand, loose

trigger requirements would overwhelm the trigger system during high luminosities

and good quality events could be missed as the system struggles to record all the

events including the events which might be less interesting. A solution for efficient

allocation of the trigger bandwidth is prescaling in which only every N th event that

passes a trigger path may be recorded by the system. The prescale N can be varied

dynamically to achieve a desired acceptance rate, such that N may be initially set

high when the Tevatron luminosity is high and eventually decreased to unity as the

luminosity decreases.

Level 1 (L1)

The first stage of the triggering system is the Level 1 trigger which operates at

every bunch crossing. The L1 trigger is designed to process the events extremely

fast and provides the highest rate reduction. It uses custom designed hardware to

select events based on the information obtained from the COT, calorimeters and

muon chambers. At Level 1, the track reconstruction is done by the eXtremely Fast

Tracker (XFT). The XFT is capable of quickly reconstructing tracks in the COT by

searching for matching pre-defined patterns of COT hits. This allows for very fast

reconstruction of tracks with pT > 1.5 GeV/c [22]. The XFT system has very high

efficiency of ∼ 96%, good transverse momentum resolution δpT/pT = 0.016 pT and

good azimuthal resolution δφ ∼ 5 mrad. The tracks found by the XFT are passed

to the Extrapolation System (XTRP) which processes and distributes the tracking



53

information to other elements of the Level 1 triggering system. The XTRP matches

tracks with the signals found in the calorimeter systems to identify electrons and with

stubs found in the muon chambers to identify muons. All the Level 1 information

is sent to the Global Level 1 system (see Figure 4.11) for processing where the event

selected if it satisfies one of the various Level 1 trigger paths. The Global Level 1 has

a capacity to accommodate information for about 64 different Level 1 trigger paths.

Data from an event accepted at L1 is moved to one of the four L2 buffers.

Level 2 (L2)

The Level 2 trigger system reduces the Level 1 accept rate of approximately 25 kHz

to about 500 Hz. At this stage, the information available from the Level 1 trigger is

supplemented with information from the silicon detectors, the calorimeters and the

muon chambers. The Silicon Vertex Trigger (SVT) [23] system used at L2 is most

important to the analysis presented in this dissertation as it allows measurement of

the track impact parameter d0. The SVT combines the coarse tracking information

from the XFT with high precision information about the hits in the SVX-II detector.

In addition to providing precise information about the track impact parameter, the

second level trigger system also improves the measurement of pT and φ0. The SVT

works by extrapolating the XFT tracks into the volume of the SVX-II detector and

matching them to the r − φ hits in the SVX-II. The information about the hits

in the SVX detector and the XFT segments is fed into a fitter which returns the

measurements on pT , φ0 and d0 of the track. The impact parameter information

obtained from the SVT forms the basis of many heavy flavor trigger paths which

require at least one displaced track with non-zero d0 in the event.

Level 3 (L3)

The last stage of the CDF II triggering system is the Level 3 trigger. Level 3 is

implemented as a software trigger which uses a PC farm with about 500 CPU’s, each
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of which provides a processing slot for one event. Since the input rate for the Level 3

system is about 500 Hz, this allocates about one second for event reconstruction and

to reach a trigger decision. When an event is accepted by the Level 2 trigger, its

data becomes available for readout distributed over a large number of VME Readout

Buffers (VRBs). A system called the Event Builder assembles all these small pieces

of data in a data structure called the event record and sends them to one place in the

Level 3 farm where the final level of event filtering is performed. The Level 3 trigger

performs a full reconstruction of the event in the detector, building high level objects

corresponding to charged particle such as kaon, pion tracks and leptons, using the

full resolution of the detector components. Events that satisfy the Level 3 selection

requirements are stored on disk and subsequently written on tape at a rate of about

50 Hz [24]. The data saved on tape is finally used for the various offline physics

analyses.

4.2.8 The two track trigger

The analysis presented in this dissertation involves analyzing events that satisfy

the two track trigger path criteria. The tracks corresponding to the decay products

of charm mesons often have a large impact parameter with respect to the primary

vertex (collision point). This signature could lead to the selection of an event with a

charm meson decay by the SVT system, provided the event also satisfies all the other

triggering criteria. The two track trigger attempts to identify a set of two displaced

tracks in the event based on the transverse momentum pT , impact parameter d0,

opening angle between the two tracks in the transverse plane ∆φ and transverse

decay length Lxy of the two track vertex. The set of two trigger tracks can be a

combination of a generic track in the event and a decay product of the charm meson

or both trigger tracks could be decay products of the charm meson.

The two track trigger is composed of many trigger paths that are categorized

into three scenarios, which depend on the instantaneous luminosity of the Tevatron.



55

These scenarios are referred to as Scenario Low, Scenario A and Scenario C, which

have different requirements for the minimum pT of a track and minimum sum pT the

track pair [25]. Scenario A is the nominal two trigger path and is prescaled at high

luminosity. The unprescaled Scenario C path imposes more stringent requirements to

ensure the acceptance of good quality events at higher luminosities. Scenario Low is

a variation of Scenario A that is designed to accept a more inclusive sample of events

at low luminosities.

The trigger paths have minimum requirements for pT , ∆φ, Lxy and d0 at each

level of the triggering system. The selection criteria for each of the above mentioned

quantities measured at L1-XFT, L2-SVT and L3, for all the three two track trigger

scenarios is listed below:

Scenario A

1. Level 1

• Two XFT tracks with opposite charge

• pT > 2.0 GeV/c for each XFT track

•
∑

pT > 5.5 GeV/c

• 0◦ < ∆φ6 < 135◦, the separation between a pair of tracks in φ as measured

by the XFT at the radius of superlayer 6 in the COT

2. Level 2

• Both XFT tracks matched to an SVT track

• pT > 2.0 GeV/c for each SVT track

•
∑

pT > 5.5 GeV/c

• 2◦ < ∆φ < 90◦

• 120 µm ≤ |d0| ≤ 1 mm for each SVT track

• Lxy > 200 µm for the two track vertex
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3. Level 3

• SVT tracks matched to COT+silicon tracks

• pT > 2.0 GeV/c for each COT+silicon track

•
∑

pT > 5.5 GeV/c

• 2◦ < ∆φ < 90◦

• 80 µm ≤ |d0| ≤ 1 mm for each COT+silicon track

• ∆z0 < 5 cm

• Lxy > 200 µm for the two track vertex

Scenario C

1. Level 1

• Two XFT tracks with opposite charge

• pT > 2.5 GeV/c for each XFT track

• ∑ pT > 6.5 GeV/c

• 0◦ < ∆φ6 < 120◦

2. Level 2

• Both XFT tracks matched to an SVT track

• pT > 2.5 GeV/c for each SVT track

•
∑

pT > 6.5 GeV/c

• 2◦ < ∆φ < 90◦

• 120 µm ≤ |d0| ≤ 1 mm for each SVT track

• Lxy > 200 µm for the two track vertex

3. Level 3
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• SVT tracks matched to COT+silicon tracks

• pT > 2.5 GeV/c for each COT+silicon track

•
∑

pT > 6.5 GeV/c

• 2◦ < ∆φ < 90◦

• 80 µm ≤ |d0| ≤ 1 mm for each COT+silicon track

• ∆z0 < 5 cm

• Lxy > 200 µm for the two track vertex

Scenario Low

1. Level 1

• Two XFT tracks without opposite charge

• pT > 2.0 GeV/c for each XFT track

• 0◦ < ∆φ6 < 90◦

2. Level 2

• Both XFT tracks matched to an SVT track

• pT > 2.0 GeV/c for each SVT track

• 2◦ < ∆φ < 90◦

• 120 µm ≤ |d0| ≤ 1 mm for each SVT track

• Lxy > 200 µm for the two track vertex

3. Level 3

• SVT tracks matched to COT+silicon tracks

• pT > 2.0 GeV/c for each COT+silicon track

• 2◦ < ∆φ < 90◦
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• 80 µm ≤ |d0| ≤ 1 mm for each COT+silicon track

• ∆z0 < 5 cm

• Lxy > 200 µm for the two track vertex

4.2.9 Computing and Software

The events accepted by the CDF II trigger system that are stored on tape are not

optimal for usage in physics analyses because the latest calibration information of the

CDF II detector systems is not usually available for online event reconstruction.

The complete event reconstruction process involves handling large volumes of com-

plex, structured data which describe the observed physical interactions, components

of the detector and the latest calibration information used to interpret the data. In

order to maintain an adequate record of detector performance, detailed information

on calibrations, detector status and beam conditions is recorded during running, all

of which is stored in a database. In the reconstruction process, readout data from

various detector components is combined using algorithms to generate higher level

structures such as tracks and leptons. An example of this process is the assembling of

hit data from the tracking chamber into track segments which are further assembled

into track helix parameters.

The event reconstruction package is composed of a number of independent mod-

ules, each performing a specific task, that execute sequentially in a specific order.

For example, the tracking module must be run before the electron finding module

because the electron identification module requires tracks. The event processing is

carried out on production farms of PC’s connected to a central I/O server. PC farms

provide a cost effective way to obtain the necessary computing power required to

perform the complete event reconstruction. Each event is read from tape or disk and

sent to a worker node for processing. When processing is complete, the event is sent

back to the I/O server for output. At this stage, the data is also split into different

physics datasets based on the trigger paths that were satisfied by the processed event.
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Events from the hadronic dataset hbhd0d were used for the analysis presented in this

dissertation.
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Figure 4.11.: Block diagram illustrating the flow of information from the CDF II

detector elements through the different components of the trigger system [19].
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5. PARTICLE IDENTIFICATION TECHNIQUES

The measurements of branching fractions of B, D and τ decays have played an impor-

tant role in our understanding of the electroweak sector. Many of these measurements

involve studying exclusive decay modes that utilize various particle identification tech-

niques for identifying charged decay products such as kaons, pions, electrons and pro-

tons. For example, particle identification techniques at CDF were extensively used

in the measurement of branching fractions such as BR(B+ → φK+) [26], BR(B̄0
s →

D+
s K

−)/BR(B̄0
s → D+

s π
−) [27] and BR(B− → D0K−)/BR(B− → D0π−) [28], which

involved identifying the charged kaon or pion track. Using particle identification tech-

niques is an essential component of the analysis presented in this dissertation since

the goal is to identify charged kaons produced in association with D±
s /D

± mesons.

The analysis described in this dissertation involves reconstructing hadronic decays

and focuses mainly on the identification of kaons, pions and protons. We use two

techniques for charged particle identification, namely, the measurement of the specific

ionization per unit track length (dE/dx) in the Central Outer Tracker and the time

of flight of the particle measured in the Time-of-Flight sub-detector.

5.1 Particle identification using Time-of-Flight

The CDF-II Time-of-Flight detector is described in detail in Section 4.2.5. Particle

identification using the TOF sub-detector is performed by measuring the arrival time

of a particle at a TOF scintillator bar with respect to the pp̄ collision time, t0 [29].

The mass, m, of a particle can be determined from the momentum, p, path length,

L measured in the tracker, and the time-of-flight, t, using the equation:

m =
p

c

√

c2t2

L2
− 1 (5.1)
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where p and L are measured by the tracking system. The pp̄ interaction region has

a longitudinal spread of ∼ 30 cm, which results in interactions being spread out in

time by approximately 1 − 1.5 ns, which is large compared to the expected TOF

resolution of ∼ 100 ps. For this reason, the production time t0 is determined on

an event-by-event basis by performing a likelihood fit including all tracks in each

event. For each track that hits the TOF detector, t0 is calculated assuming three

mass hypotheses, namely kaon, pion and proton. Then, the t0 of the given event

is obtained by performing a likelihood fit to the t0 distribution of all tracks in the

event, assuming the following composition of tracks: 80% pions, 10% kaons and 10%

protons [29]. The above procedure results in a typical t0 resolution that is less than

100 ps.

5.1.1 TOF residual distribution

The time that a given particle takes to reach the TOF detector can be calculated

using the momentum and trajectory of the particle and an assumed mass hypothesis

using:

t =
L

c

√

m2c2

p2
+ 1 (5.2)

Using the arrival time of a particle at TOF (ttof ) and the time of flight, the predicted

production time (tpred) of the particle can be calculated tpred = ttof − tflight. The

distribution of the difference in the predicted and measured production time of a

particle, tpred − t0, is referred to as the TOF residual distribution.

The procedure for estimating the t0 of a given track is the same as the procedure

used to estimate the t0 of an event, except that while determining the production

time t0 for a given track, it is excluded from the t0 likelihood fit, which is instead

performed including all other tracks in the event [30]. The given track is removed

from the fit so that an unbiased comparison can be made between the pp̄ interaction

time and the measured time of TOF hits associated with the track.
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The TOF residual distribution can be used to identify various particle types as

follows. For a correct mass hypothesis, the tpred − t0 distribution will be centered

at zero and the width of the distribution will give the timing resolution of the TOF

detector. An incorrect mass hypothesis shifts the residual distribution by an amount

depending on the particle momentum and mass.

For example, if we have a sample of kaons, pions and protons with similar momenta

and assume a pion mass hypothesis, the distribution tpred(π)−t0 will consist of several

peaks corresponding to the different particles species. Under the pion hypothesis,

the peak corresponding to the pion component in the sample will be centered at zero

whereas the kaon and proton peaks will be shifted with respect to the pion peak. Each

peak in the TOF residual distribution will be centered at a value tpred(π) − tpred(i),

where i refers to the particle type.

The actual position of the mean of the peaks corresponding to different particles

types with similar momenta in the residual distribution will depend on the assumed

particle hypothesis. For example, under a kaon mass hypothesis, the kaon peak will

be centered at zero, whereas the pion and proton peaks will be shifted. We assume

that the tpred(i) − t0 distribution for all particle types has the same shape because

for a correct mass hypothesis the width of the distribution essentially denotes the

resolution of the TOF detector, which is expected to be independent of the particle

type.

5.1.2 Calibrating the TOF residual distribution

Since the response of the TOF detector is expected to be independent of particle

type, the shape of the TOF residual distribution was calibrated using a pure sample

of either kaons, pions and protons. In the analysis presented in this dissertation, a

sample of pions from the hadronic decay mode D∗± → D0π± is used to calibrate the

residual distribution.
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We reconstruct D∗+ → D0π+, D0 → K−π+ and the charge conjugate decays using

approximately 360 pb−1 of the same data set that is used for the charm fragmentation

analysis. The reconstructed Kππ candidates are required to satisfy the Two Track

Trigger described in Section 4.2.8. We use the ∆m = m(Kππ) − m(Kπ) invariant

mass difference distribution in an un-binned likelihood fit to separate the signal and

combinatorial background components in the sample. The decay channel provides a

pure sample of pions in the signal region above the background component that is

used to calibrate the shape of the time of flight residual distribution.

In order to extract the optimal parameterization of the time of flight residual dis-

tribution, we perform a combined un-binned likelihood fit using the ∆m distribution

and the time of flight residual distribution of the pion track. The probability density

functions used to describe the shape of the various components in the likelihood fit

are listed below:

• Signal component in the ∆m distribution: sum of two Gaussian functions with

different widths but the same mean position.

• Background component in the ∆m distribution: the shape of the background

component is described by the following empirical function which is normalized

in the mass range [mπ, mmax]:

b(∆m) =
Bc+1 e−B(∆m−mπ) (∆m−mπ)c

Γ(c+ 1) P (c+ 1, B(mmax −mπ))
(5.3)

where mmax = 0.17 GeV/c2. The values of the parameters B and c are obtained

from the likelihood fit.

• Signal peak(s) in the TOF residual (tr) distribution: sum of two Gaussian func-

tions with different widths but the same mean position (TOF signal resolution

function).

• Tails in the TOF residual distribution: using the following empirical function

T (x) =
(|x|/b)q e(−a|x|/b)

b Γ(q + 1)/aq+1
(5.4)
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where the values of the parameters b, a and q are obtained from the likelihood

fit. This functional form is a good choice to describe the tails since the value

of T (x) is zero at x = 0 and rises on both sides of the origin before finally

falling exponentially. Hence, the shape is very distinct from the TOF signal

resolution function that peaks at zero and describes the bulk of the TOF residual

distribution.

The likelihood function for the combined (∆m, tr) likelihood fit is shown in the

equation:

F (∆m, tr) = fs Fs(∆m)

[

∑

i=π,K,p

f s
i Fi(tr)

]

+(1−fs) Fb(∆m)

[

∑

j=π,K,p

f b
jFj(tr)

]

(5.5)

where fs denotes the signal fraction in the sample. The notations Fs(∆m) and

Fb(∆m) represent to the probability density functions used to describe the shape

of the signal and background components in the ∆m distribution respectively. The

probability density function used to describe the shape of the TOF residual distribu-

tion is denoted by F (tr), which is a sum of the TOF signal resolution function and

the contribution from the tails. The notation f s
i denotes the fraction of particle type i

in the signal region, where i ∈ {π,K, p}. Similarly, f b
j denotes the fraction of particle

type j in the background region, where j ∈ {π,K, p}.
The combined likelihood fit is performed in ranges of transverse momentum pT of

the pion track. Figure 5.1 shows the invariant mass difference distribution and the

time of flight residual distribution (of the pion track) in the lowest pT (π) range. The

projections of the probability density functions obtained from the combined likelihood

fit are also shown in the figure. We observe similar level of agreement in the other

transverse momentum ranges in which the likelihood fit is performed [31].

The left hand side plot in Figure 5.1 shows a clean signal peak in the invariant mass

difference distribution, which consists entirely of pions. These pure pions in the signal

region constitute the large pion peak in the time of flight residual distribution, shown

in the right hand side plot, that is centered at zero since the plot is made assuming

the pion mass hypothesis. The kaon and proton peaks that are shifted with respect
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to the pion peak represent the kaons and protons in the small background component

underneath the signal region. The pion peak can also have a small component from

pions in the background region in addition to the pure pion sample constituting the

signal.

We conducted test studies to assess whether the parametrization of the time of

flight residual distribution obtained from the pion sample induces any bias in iden-

tifying different particle types. These studies involve testing the combined particle

identification techniques, including both TOF and dE/dx information, and are de-

scribed in Section 5.4.
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5.2 Particle identification using dE/dx measured in the COT

When a charged particle travels through a gas, it leaves a trail of ionization along

its flight path. The average total energy loss per unit length of a particle with charge

q and velocity βc is described by the Bethe-Bloch formula [32]:
〈

dE

dx

〉

=
4πNe4

mc2β2
q2

[

log

(

2mc2β2γ2

I2

)

− β2 − δ(βγ)

2

]

(5.6)

where N is the number density of electrons in the medium, m is the mass of the

electron, e is the charge of the electron and I is the mean excitation energy of the

atoms in the medium. Equation 5.6 shows that for a drift chamber with fixed gas

properties, dE/dx depends only on the velocity (βc) for a charged particle. There-

fore, when combined with a measurement of the particle momentum, dE/dx can be

used to identify particles of different mass. Stable particles like electrons, muons,

pions, kaons and protons exhibit different dE/dx depending on their momentum as

shown in Figure 5.2. At CDF, the gas in the tracker is kept at a pressure of 1 atm,

which is much lower than the pressures kept in drift chambers that are optimized for

dE/dx measurements as shown in Figure 5.2. Nevertheless, a good calibration of the

dE/dx response can provide some separation between various particle species, which

is important in the momentum ranges where the separation power provided by TOF

falls below 1σ. The separation power of the dE/dx and TOF techniques is discussed

in Section 5.3.

A detailed description of the design of the CDF-II tracker is presented in Sec-

tion 4.2.4. The sense wires in the COT collect the charge produced by the ionizing

incident charged particle, which is read out by the Amplifier-Shaper-Discriminator-

Charge (ASDQ) front-end electronics. The ASDQ is a custom Application-Specific

Integrated Circuit (ASIC) designed specifically for the COT. The input analog signal

is processed by ASDQ and the output is a digital pulse. The leading edge gives the ar-

rival time information and the pulse width is related to the amount of charge collected

by a sense wire. For a given particle, energy loss measurements can be obtained from

multiple sense wires but the highest 20% of the measured charge values are discarded.
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(a) Drift chamber optimized for dE/dx (b) Drift chamber at CDF−II

Figure 5.2.: Energy loss per unit length dE/dx for various particles traversing a drift

chamber: (a) Response of a drift chamber filled with gas at a pressure of 8.5 atm, op-

timized for dE/dx. (b) Response of the CDF-II drift chamber that is not particularly

optimized for dE/dx measurements.

The 80 % truncated mean is taken as the best estimate of the track dE/dx because it

is less sensitive to large Landau fluctuations in the deposited ionization. In the case

of the tracker at CDF-II, the following empirical variant of the Bethe-Bloch equation

better models the average energy loss of a particle:
〈

dE

dx

〉

=
1

β2

(

c1 log
βγ

βγ + b
+ c0

)

+ a1(β − 1) + a2(β − 1)2 + c (5.7)

The values of the parameters c1, c0, b, a1, a2 and c describing the shape of the universal

curve are obtained by using the distribution of measured dE/dx in the data.

5.2.1 Calibrating the COT dE/dx response

In order to calibrate the dE/dx response of the tracker, we study a sample of tracks

produced in the vicinity of a D∗± → D0π± decay. We choose a generic sample of
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tracks around D∗± decays because these generic tracks have the same environment as

the sample of tracks used for the D±
s /D

± fragmentation study. Since the generic track

sample used for the dE/dx calibration contains a mixture of kaons, pions, protons

and electrons, we use their TOF residual distribution as additional information for

identifying the particles in the generic sample.

In order to obtain the optimal values of the parameters describing the shape of

the universal curve in Equation 5.7, an un-binned likelihood fit is performed using the

measured dE/dx distribution and the TOF residual distribution for the tracks found

in a cone around the D∗± candidates [33]. The value of expected dE/dx for a given

particle mass hypothesis can be extracted from the universal curve, which depends

on the momentum of the particle. In order to perform the likelihood fit, we define a

variable Z(dE/dx) for each particle track:

Z(dE/dx) = log

(

dE/dxm

dE/dxp

)

(5.8)

where dE/dxm is the measured dE/dx value and dE/dxp represents the expected

〈dE/dx〉 extracted from the universal curve for the assumed particle mass hypothe-

sis. We use the Z(dE/dx) distribution instead of the measured dE/dx distribution

in the likelihood fit because the Z(dE/dx) has a Gaussian distribution to a good

approximation.

The probability density functions used to describe the shape of the various com-

ponents in the likelihood fit are:

• dE/dx universal curve: parameterization in Equation 5.7. The values of the

parameters are obtained from the likelihood fit.

• Z(dE/dx) distribution: described using a single Gaussian function:

G(Z) =
e−Z2/2σ2

Z

√
2πσZ

(5.9)

The resolution σZ is described by the following empirical function:

σZ =

[

az + bz

(〈

dE

dx

〉

− cz

)]

(

Nhit

N̄hit

)βz

(5.10)
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where Nhit is the number of dE/dx hits for the track under consideration, N̄hit

is the mean number of dE/dx hits in the sample of tracks and 〈dE/dx〉 is

extracted from the universal curve (Equation 5.7). The values of parameters

az, bz, cz, βz and N̄hit in Equation 5.10 are also obtained from the combined

likelihood fit.

• TOF residual (tr) distribution: parameterization described in Section 5.1.

The combined (Z(dE/dx),tr) likelihood function is formulated as:

L =
∑

i=π,K,p,e

fi(pT ) G(Z) F (tr) (5.11)

where fi(pT ) denotes the pT dependent fraction of particle type i in the sample. The

notations F (tr) and G(Z) represent the probability density functions used to describe

the shape of the TOF residual (tr) and the Z(dE/dx) distributions respectively.

The likelihood fit is performed in momentum range 0.4 to 30 GeV/c, separately

for negatively and positively charged tracks since their dE/dx distributions can be

slightly different. This is because positive and negative tracks have opposite curvature

in the magnetic field, which can lead to differences in the charge collected at the sense

wires. Figure 5.3 shows the projection of the dE/dx universal curve parameterization

obtained from the fit, superimposed over the measured dE/dx distribution in data.

An example plot of the Z(dE/dx) distribution and the corresponding projections

obtained from the likelihood fit is shown in Figure 5.4. The projections indicate

that the parameterizations describe the shape of the universal curve and Z(dE/dx)

distribution well.

In the next section, we describe a method that is used at CDF to measure the

ability of the particle identification techniques to separate different particle types. We

also conduct studies to test whether the combined TOF and dE/dx techniques intro-

duce any biases in identifying various particle, which will be discussed in Section 5.4.
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5.3 Separation power of the particle identification techniques

After calibrating the TOF and dE/dx response of the detector, it is important

to quantify the ability of the particle identification techniques to distinguish between

different particle types. The dE/dx separation power between particles of type i and

j is defined as:

S(Z) = (Zi − Zj)/σz (5.12)

where S(Z) denotes the dE/dx separation power, Zi is denotes Z(dE/dx) calculated

using the predicted dE/dx, obtained from the universal curve for particle type i, and

σZ is the width of the Z(dE/dx) distribution.

Similarly, the TOF separation power between particles of type i and j is defined

as:

S(T ) = (Ti − Tj)/σt (5.13)

where S(T ) denotes the TOF separation power, Ti, is the predicted time of flight for

particle type i and σt is the width of the TOF residual distribution.

The TOF system provides very good kaon/pion separation for momenta less than

p < 2.0 GeV/c as shown in Figure 5.5, while for momentum p < 1.4 GeV/c, TOF

provides more than 2σ kaon/pion separation. At higher momentum, dE/dx mea-

surement in the tracker provides better separation power, complementing the TOF

system. Figure 5.6 shows the dE/dx separation power, separately for negatively and

positively charged tracks.

By combining the two particle identification techniques, we obtain at least 1σ

separation between kaons and pions in the momentum range 0.4 < p < 6.0 GeV/c.

The kaon/proton separation power falls to about 0.5σ for p > 2.0 GeV/c. In general,

the separation between kaons and pions/protons decreases for p > 2.0 GeV/c. Pions

and protons are well separated using the two techniques in the momentum range

0.4 < p < 6.0 GeV/c.
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In order to study whether the combined particle identification techniques induce

any bias in identifying the various particle types, we conduct test studies using sam-

ples of pure kaons and pure pions as discussed in the next section.
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5.4 Testing the combined particle identification techniques

Previous sections in this chapter provided a description of the procedure used

to calibrate the response of the TOF sub-detector and the dE/dx measurement in

the COT. As the next step, we study the ability of the combined TOF and dE/dx

particle identification techniques to identify various particle types, by applying them

to a sample of pure pions (π) from D∗± → D0π± decays and a sample of pure kaons

from φ→ K+K− decays.

5.4.1 Study using a pure sample of pions

In theD∗± → D0π± sample, the signal component is made of 100% pions, whereas

the background component is considered to be a mixture of kaons, pions and protons.

Using the combined particle identification techniques we measure the particle fractions

in the signal and background regions. The fractions are measured by performing a

combined unbinned likelihood fit, in which the M(D∗±) − M(D0) invariant mass

distribution is used to separate the signal and background components. The TOF

residual and Z(dE/dx) distributions of the pion track are used to statistically separate

the kaon, pion and proton components.

The measured values of the particle fractions in the signal region in bins of pT (π)

are listed in Table 5.1. The results of the study show that the measured value of the

pion fraction in signal region is consistent with the expected value of 100%.

However, it is plausible that the pion fraction in the signal region is measured

to be nearly 100% by construction since the parametrization of the TOF residual

distribution was tuned using the same pion sample used in this study. Hence, we test

the particle identification techniques using an independent sample of pure kaons.
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Table 5.1: Particle fractions measured in the signal region of the pion sample from

D∗± → D0π± decays.

pT range Pion fraction Kaon fraction Proton fraction

(GeV/c) (signal) (signal) (signal)

0.4-0.6 0.9996 ± 0.0001 +0.0001 ± 0.0001 −0.0003 ± 0.0001

0.6-0.8 1.0000 ± 0.0000 −0.0005 ± 0.0001 −0.0005 ± 0.0001

0.8-1.0 0.9998 ± 0.0002 −0.0002 ± 0.0002 −0.0005 ± 0.0002

1.0-1.4 1.0066 ± 0.0018 −0.0060 ± 0.0018 −0.0006 ± 0.0004

1.4-2.0 0.9999 ± 0.0003 +0.0008 ± 0.0022 −0.0007 ± 0.0021

2.0-6.0 1.0448 ± 0.0399 −0.0359 ± 0.0427 −0.0090 ± 0.0091

5.4.2 Study using a pure sample of kaons

In the φ → K+K− sample, the signal component is made of pure kaons and

background is considered as a mixture of kaons, pions and protons. Similar to the

studies using the pion sample, we measure the particle fractions in the signal and

background regions using the combined particle identification techniques.

The fractions are measured by performing a combined un-binned likelihood fit

using the M(K−K+) invariant mass distribution to separate the signal and back-

ground components. The TOF residual and Z(dE/dx) distributions of the K+ and

K− tracks that constitute the φ candidate are used to separate the kaon, pion and

proton components. Since the φ peak is made of two oppositely charged tracks, we

perform the likelihood fit separately for the positively and negatively charged tracks

in order to test whether the combined techniques induce any charge-dependent bias.
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The measured values of the particle fractions in the signal region are listed in

Table 5.2. The results of the study show that the kaon fraction in the signal region

is consistent with the expected value of 100% in almost all cases.

Table 5.2: Particle fractions measured in the signal component of the φ → K+K−

sample.

pT range Pion fraction Kaon fraction Proton fraction

(GeV/c) (signal) (signal) (signal)

Positive tracks

0.4-0.6 −0.0001 ± 0.0964 0.9934 ± 0.0206 +0.0067 ± 0.0203

0.6-0.8 +0.0008 ± 0.0035 1.0046 ± 0.0068 −0.0054 ± 0.0067

0.8-1.0 +0.0005 ± 0.0002 1.0084 ± 0.0068 −0.0089 ± 0.0068

1.0-1.4 +0.0003 ± 0.0003 1.0153 ± 0.0066 −0.0156 ± 0.0065

1.4-2.0 +0.0001 ± 0.0006 1.0122 ± 0.0096 −0.0122 ± 0.0096

2.0-6.0 −0.0010 ± 0.0203 1.0486 ± 0.0233 −0.0476 ± 0.0232

Negative tracks

0.4-0.6 +0.0001 ± 0.0211 0.9895 ± 0.0090 +0.0104 ± 0.0089

0.6-0.8 −0.0004 ± 0.0076 1.0011 ± 0.0068 −0.0007 ± 0.0068

0.8-1.0 +0.0003 ± 0.0003 1.0072 ± 0.0064 −0.0075 ± 0.0064

1.0-1.4 −0.0005 ± 0.0010 0.9994 ± 0.0084 +0.0011 ± 0.0082

1.4-2.0 −0.0020 ± 0.0006 1.0146 ± 0.0093 −0.0126 ± 0.0093

2.0-6.0 +0.0015 ± 0.0182 1.0543 ± 0.0243 −0.0558 ± 0.0242
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5.4.3 Summary of particle identification test studies

The results of the test studies showed that the combined particle identification

techniques do not introduce a very significant bias in identifying various particles for

pT < 2.0 GeV/c.

Since the results of the test studies indicate the possibility of a bias in some ranges

of pT > 2.0 GeV/c, it is important to account for this bias while using the particle

identification techniques for measuring particle fractions in any generic sample. The

next section describes a model that was developed in order to account for the bias

that results from mis-identification of particle types.

5.5 Model to account for bias due to particle mis-identification

When we use the particle identification techniques to measure particle fractions

in a pure kaon sample, the measured fractions listed in Table 5.2 indicate a small

but significant bias in the kaon and proton fractions in the momentum range 2.0-

6.0 GeV/c. Similarly, the measured particle fractions in a pure pion sample listed in

Table 5.1 show a bias in the pion and kaon fractions for 2.0-6.0 GeV/c. This bias can

be attributed to the poorer separation power between particles in momentum range

greater than 2.0 GeV/c. In the pure pion sample, the large pion component biases

the measured kaon fraction, whereas the pion/kaon bias in the pure kaon sample is

small since there are not many pions in that sample. Similarly, in the pure kaon

sample, the large kaon component biases the proton fraction. Hence, in general terms

we can state that a bias introduced in the measured fraction of particle type i due to

presence of particle type j in a sample is proportional to the fraction of particle type

j in the sample. This observation forms the basis of the model that is described in

this section to account for the bias due to mis-identification.
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We hypothesize that the true particle fractions and the measured particle fractions

in a given sample are related using the following linear transformation:
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where f̂i is the true particle fraction of particle type i and and fi is the measured

particle fraction. The parameters αij give the estimate of the bias induced in the

measured fraction of particle type i due to the presence of particle type j in the

sample. Ideally, if there is no bias induced due to different particle types, the above

αij matrix would be an identity matrix. However, if a bias exists then the off-diagonal

terms in the matrix will be non-zero.

We use the two calibration samples to obtain the values of the elements of the

bias-matrix, namely the pion sample from D∗ decays and the φ → K+K− sample

that were used for testing the particle identification techniques.

5.5.1 Bias matrix elements obtained using a pion sample from D∗ decays

The signal region in the pion sample is made of 100% pions. Ideally, the measured

kaon and proton fractions in the signal region should be zero. Hence, a non-zero value

of the measured kaon and proton fractions gives an estimate of the bias induced due

to the presence of pions in the sample. The true particle fractions in the signal region

are given by:

f̂π = 1

f̂k = f̂p = 0

Using the linear transformation, the measured particle fractions in the signal region

are given by:

fπ = αππ × f̂π = αππ

fk = απk × f̂π = απk
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fp = απp × f̂π = απp

Hence, the measured particle fractions in the signal region can be used to obtain

the values of matrix elements αππ, απk and απp. Table 5.1 lists the values of fπ, fk

and fp that basically give the values of the three above listed bias-matrix elements in

ranges of pT .

5.5.2 Bias matrix elements obtained using a φ→ K+K− sample

In case of the φ → K+K− sample, the φ signal peak is made of 100% kaons.

Ideally, the measured pion and proton fractions in the signal peak should be zero.

Hence, a non-zero value of the measured pion and proton fractions gives an estimate

of the bias induced due to the presence of kaons in the sample. The true particle

fractions in the signal region are given by:

f̂k = 1

f̂π = f̂p = 0

Using the linear transformation, the measured particle fractions in the signal region

are given by:

fπ = αkπ × f̂k = αkπ

fk = αkk × f̂k = αkk

fp = αkp × f̂k = αkp

Hence, the measured particle fractions in the signal region can be used to obtain

the values of matrix elements αkπ, αkk and αkp. Table 5.2 lists the values of fπ, fk

and fp that basically give the values of the three above listed bias-matrix elements in

ranges of pT , measured separately for positively and negatively charged tracks.



84

Obtaining the remaining three bias matrix elements

The remaining three elements: αpπ, αpk and αpp can be obtained from the other

six bias matrix elements using the constraint that the sum of all particle fractions in

a given sample should add up to one.

5.5.3 Correcting for the bias in a generic sample

In order to correct for the bias in a generic sample, we define the true particle

fractions f̂π, f̂k and f̂p as free parameters in the likelihood fitting procedure and then

transform the true fractions into measured fractions in the likelihood function using

the equations:

fπ = αππf̂π + αkπf̂k + αpπf̂p (5.14)

fk = απkf̂π + αkkf̂k + αpkf̂p (5.15)

fp = απpf̂π + αkpf̂k + αppf̂p (5.16)

By applying the transformation, we take into account the bias induced by different

particle types in the fraction of a given particle type and we obtain the values of the

true particle fractions from the fit. This mis-identification of particle types is treated

as a systematic uncertainty in the measured particle fractions.

5.6 Effect of kaons decaying in flight

Kaons produced in pp̄ collisions can sometimes decay before traversing the CDF

tracking system completely via processed such as K+ → π+π0 or K+ → µ+νµ.

Some of the kaons that decay in flight will either not be reconstructed or will be

reconstructed incorrectly. We need to account for the loss of kaons decaying in flight

in the measured kaon fraction so that we can extract the generated kaon fraction in

the sample.
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Depending on the location where a kaon decays in the CDF tracking system, one

of the following scenarios is possible:

• If the kaon decays inside the SVX detector, the kaon trajectory will not be

reconstructed. Instead, the decay product of the kaon will traverse the tracker

and is more likely to be reconstructed correctly. If the reconstructed decay

product is selected, it will most likely contribute to the measured pion fraction

instead of the measured kaon fraction.

• If the kaon decays inside the COT, it will most likely not be reconstructed

because it may fail the fit for the track helix in the COT or fail to match the

TOF/SVX hits for a single helix. However if such a kaon is reconstructed, then

it may contribute to either the measured pion or kaon fraction depending on

where the kaon decayed in the COT.

• If the kaon decays near the last layer of the COT, just before the TOF system,

it is likely to be reconstructed correctly and may contribute to the measured

kaon fraction.

The effect of kaons decaying in flight is studied using a Monte Carlo sample

of charged kaons found in a cone around reconstructed B decays within detector

acceptance [34]. The study involves measuring two effects: (1) the efficiency that

a reconstructed track in the detector is associated with a generated kaon and (2)

the probability that the reconstructed track contributes to the measured kaon or

pion fraction. In order to measure the kaon component that is identified as pions,

particle fractions are measured in a sample of kaons that have a reconstructed track

associated with them. The results of the measured particle fractions indicate that

a small fraction of kaons are identified as pions in the detector. Table 5.3 lists the

efficiencies corresponding to the two effects described above in different pT ranges.

The table shows that the fraction of kaons decaying in flight that are identified as

pions is more significant in the lower pT ranges.
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Table 5.3: Probability that a kaon will be reconstructed track for different pT ranges.

The table also lists the probability that a reconstructed kaon contributes to the mea-

sured kaon or pion fraction.

pT K reconstructed (%) K identified K identified

as a track (%) as a K (%) as a π (%)

GeV/c KK Kπ

0.4-0.7 82.90 ± 1.39 79.0 ± 1.50 3.90 ± 0.71

0.7-1.0 91.70 ± 1.21 88.4 ± 1.40 3.30 ± 0.78

1.0-1.5 99.35 ± 0.65 95.4 ± 1.70 3.95 ± 1.58

1.5-2.5 99.58 ± 0.72 95.6 ± 2.30 3.98 ± 2.19

2.5-5.0 100.00+0.00
−0.88 97.0 ± 1.50 3.00 ± 1.50

The probabilities listed in Table 5.3 are used to account for the effect of kaons

decaying in flight in the measured pion/kaon fraction in a generic sample of tracks.

We define the fraction of reconstructed kaons that are subsequently identified as pions

using:

w =
Kπ

KK +Kπ
(5.17)

The value of the fraction w calculated for different pT ranges is listed in Table 5.4.

We correct for the loss of kaons decaying in flight, using the following transformation

between the measured (fi) and true (f̂i) particle fractions in a generic sample:

fK = (1 − w)f̂K (5.18)

fπ = f̂π + wf̂K (5.19)



87

Table 5.4: Fraction of kaons reconstructed as charged tracks that are subsequently

identified as pions.

pT range (GeV/c) w(%)

0.4-0.7 4.70 ± 0.82

0.7-1.0 3.60 ± 0.82

1.0-1.5 3.98 ± 1.53

1.5-2.5 4.00 ± 2.12

2.5-5.0 3.00 ± 1.46

In order to apply the correction on a track-by-track basis that depends on the

track pT , we obtain a pT -dependent function w(pT ) by fitting a first order polynomial

function to the w-distribution:

w(pT ) = a0 + a1pT (5.20)

The linear fit is shown in Figure 5.7 and the value of parameters a0, a1 and the

correlation coefficient ρ(a0, a1) obtained from the fit is listed in Table 5.5.

Table 5.5: Results of the linear fit performed on the distribution of fraction w using

the function w(pT ) = a0 + a1pT . The correlation coefficient is also listed in the table.

Parameter Value

a0 0.04483 ± 0.00771

a1 −0.00416 ± 0.00499

ρ(a0, a1) −0.765881

The function w(pT ) is later used to correct for loss of kaons that decayed in flight in

order to get the true kaon fraction in any generic sample. The effect of kaons decaying

in flight is treated as one of the sources of systematic uncertainty in the measured
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Figure 5.7.: pT distribution of fraction of reconstructed kaons subsequently identified

as pions.

kaon fraction in the charm fragmentation analysis present in this dissertation. The

procedure for estimating the systematic uncertainty is described in Chapter 7 that

provides an overview of the systematic studies conducted in the analysis.

5.7 Summary

The particle identification techniques described in this chapter are used to identify

kaons in a sample of tracks produced in the vicinity of prompt D±
s or D± mesons

in order to study the distribution of kaons produced in the fragmentation of charm

quarks. In the next chapter, we present the technique used in the charm fragmentation

analysis.
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6. THE ANALYSIS TECHNIQUE

The data sample used in the analysis consists of events collected with CDF’s two

track trigger, described previously in Section 4.2.8, obtained from 360 pb−1 of pp col-

lisions at
√
s = 1.96 TeV/c2. Using these events, we reconstruct the D±

s /D
± → φπ±,

φ→ K+K− decays and analyze events that have invariant mass in the range 1.75 <

m(KKπ) < 2.2 GeV/c2. The events collected with the trigger include the prompt

D±
s /D

± mesons, which are produced via hadronization of charm quarks, and the

secondary D±
s /D

± mesons produced in decays of hadrons containing heavier bottom

quarks. In order to extract information pertaining to charm quark fragmentation, we

are primarily interested in the prompt D±
s /D

± component. Hence, an important step

in the analysis is the separation of the prompt and secondary components, which is

discussed in Section 6.1. After separating the prompt and secondary D±
s /D

± com-

ponents, we apply the particle identification techniques described in Chapter 5 on

tracks found near the reconstructed KKπ candidates to measure the charged particle

fractions in the sample. Although, we measure particle fractions around both prompt

and secondary D±
s /D

± components, we are primarily interested in measured kaon

fraction around the prompt D±
s /D

± component, which gives information about kaon

production in association with charm fragmentation. The likelihood fitting procedure

used to measure the kaon fraction around both prompt and secondary D±
s /D

± com-

ponents is described in Section 6.2. The final step in the analysis is to compare the

distribution of the measured kaon fraction around the prompt D±
s /D

± component

with predictions of the PYTHIA and HERWIG Monte Carlo event generators.
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6.1 Identification of prompt D±
s /D± components in the sample

In order to study kaon production around prompt D±
s and D± mesons, we need to

separate these components from the secondary D±
s /D± and background components

in the data sample. We use the invariant mass and impact parameter distributions of

the reconstructed KKπ candidates to identify the various components in the sample

as described in this section.

6.1.1 Separation of D±
s /D± signal

The invariant mass distribution of the reconstructed KKπ candidates with trans-

verse momentum in the range 7 < pT < 30 GeV/c is shown in Figure 6.1. As seen in

the figure, theD±
s signal peak (around 1.968 GeV/c2) and theD± signal peak (around

1.869 GeV/c2) are well separated with the background component underneath them.

The D±
s /D± signal components are statistically separated from the background by

using the invariant mass distribution in an unbinned likelihood fit. The shape of the

signal peaks is described using a sum of two Gaussian functions with the same mean

but different widths. The background component is described using a fourth order

polynomial function. A broad resonant peak is visible around 2.02 GeV/c2 above the

D±
s peak. The shape of this broad structure is obtained by studying a Monte Carlo

sample as described below.

6.1.2 Broad peak in the KKπ invariant mass distribution

In order to find the source of the wide peak, we study a generic sample of cc̄ events

generated using the PYTHIA event generator. We study a generic sample instead of

exclusive decay modes, since we do not have any prior information about the source

and need to find all possible decay modes that can contribute to the peak. In case the

wide structure has more than one source, we need to account for each contribution

in order to determine the correct shape of the peak.
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Figure 6.1.: KKπ invariant mass distribution in data.

Using the momentum of each charged particle generated in the events, we recon-

struct three-track combinations, assuming KKπ particle masses. The KKπ invariant

mass distribution shows the correctly reconstructed D±
s /D± signal peaks and the wide

resonant structure. Then, we check for a common parent particle of the KKπ combi-

nations that contribute to the resonant structure. We find that only mis-reconstructed

D+ → K−π+π+ decays contribute to the resonant structure in the KKπ invariant

mass distribution.

After identifying the source of the bump, we generate Monte Carlo samples of

D+ → K−π+π+ decays using the full CDF II detector and trigger simulation, and

mis-reconstruct them as KKπ. The resulting KKπ invariant mass distribution is

shown in Figure 6.2. The shape of the resonant peak is obtained by fitting a sum of
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two Gaussian functions with the same mean but different widths, which is also shown

in Figure 6.2. This probability density function obtained from Monte Carlo events is

used to parameterize the resonant structure in the KKπ invariant mass distribution

in data.

Figure 6.2.: KKπ invariant mass distribution of mis-reconstructed D+ → K−π−π+

decays in Monte Carlo events.

6.1.3 Likelihood fit using the KKπ invariant mass distribution

In the fitting procedure, the probability density functions describing the shapes

of the various components are used to calculate the likelihood that a given KKπ

candidate is part of D±
s or D± signal, mis-reconstructed D+ → K−π−π+ peak or

combinatorial background components. The values of parameters in the probability

density functions are obtained from the likelihood fit, which is performed in ranges of
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Table 6.1: Yields of D±
s and D± mesons in ranges of transverse momentum pT of the

reconstructed KKπ candidates.

pT [GeV/c] D±
s yield D± yield

7 − 8 56837 ± 243 30802 ± 209

8 − 9 53034 ± 233 28440 ± 196

9 − 10 42101 ± 208 22464 ± 177

10 − 12 52277 ± 236 26799 ± 198

12 − 30 59048 ± 256 27287 ± 204

transverse momentum pT of the KKπ candidates. The yields of D±
s /D± mesons in

the signal peaks, obtained from the fit in ranges of pT (KKπ) are listed in Table 6.1.

Figure 6.3 shows the projections of the probability density functions for the various

components in the KKπ invariant mass distribution for 7 < pT < 8 GeV/c. We

observe similar level of agreement between data and the projections in the other four

pT (KKπ) ranges in which the likelihood fit is performed.

6.1.4 Separation of prompt and secondary D±
s /D± components

The D±
s /D± mesons in the signal peaks include both the prompt and secondary

components that need to be separated. The technique used for separating the two

components is same as the technique that was used in the measurement of the prompt

charm meson production cross section [35, 36], which basically involves using the

impact parameter distribution of the D±
s /D± mesons with respect to the primary

vertex.

As illustrated in Figure 6.4, a D±
s /D

± meson created by the hadronization of a

charm quark will be produced at the primary vertex and has zero impact parameter

with respect to the primary vertex. However, due to finite resolution of the detector

the impact parameter distribution of the prompt component will follow a Gaussian



94

2) GeV/cπ+K-Invariant Mass M(K
1.75 1.8 1.85 1.9 1.95 2 2.05 2.1 2.15 2.2

2
E

nt
rie

s 
pe

r 
2 

M
eV

/c

0

1000

2000

3000

4000

5000

6000

7000

8000
+π +π - K→ +Mis-reconstructed D

Background

 signal±D

 signals
±D

Total Fit

Data

) < 8 GeV/cπ+K
-

(K
T

7 < p

Figure 6.3.: KKπ invariant mass distribution in data and projections from the

likelihood fit for 7 < pT < 8 GeV/c.

distribution. As shown in Figure 6.4, a secondary D±
s /D

± meson that is produced

in the decay of a B hadron can have non zero impact parameter with respect to

the primary vertex. The shape of the secondary component will have a non Gaussian

distribution that is smeared by the detector resolution. This difference in the inherent

shape of the impact parameter distribution of the two components measured with

respect to the primary vertex can be used to separate the prompt and secondary

D±
s /D

± components.

6.1.5 Shape of secondary D±
s /D± impact parameter distribution

The shape of the impact parameter distribution of the secondary D±
s /D± compo-

nent is obtained by studying Monte Carlo samples of B decays. The rates of secondary
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Figure 6.4.: A secondary D meson can have non zero impact parameter (d0) with

respect to the primary vertex, whereas, a prompt D meson will point back to the

primary vertex and should ideally have zero impact parameter.

D±
s /D± production depend on the B branching fractions and the production fractions

of various B hadrons. Since not all the B branching fractions have been measured

precisely, using an inclusive Monte Carlo sample of B decays to extract the shape of

the secondary D±
s /D± component might not be optimal. This is because the D±

s /D±

production rates from B decay modes with less precisely measured branching frac-

tions may not be accounted for correctly in the simulation. Instead, we use Monte

Carlo samples of exclusive B decay modes and combine the secondary D±
s /D± impact

parameter distribution obtained from each generated B decay that is weighted using:

• the production fraction of the parent B hadron,

• branching fraction of the generated exclusive B decay mode,

• two track trigger and KKπ candidate reconstruction efficiency.

Monte Carlo samples of exclusive B decays were generated including the full

CDF II detector and trigger simulation. The D±
s /D± mesons that were produced in

the generated B decay modes were forced to decay via the decay channel D±
s /D

± →
φπ±, φ → K+K−. The reconstructed KKπ candidates were required to satisfy the

two track trigger criteria described in Section 4.2.8. The generated exclusive B decay

modes that produce a secondary D±
s /D± meson and the corresponding efficiency for
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Table 6.2: Yields of exclusive samples of B decays that were generated for studying

the impact parameter distributions of secondary D mesons. The table also lists the

number of K+K−π candidates that satisfy track quality criteria, offline selection cuts

and SVT-like pair requirement with 7 < pT < 30 GeV/c.

Decay mode Generated Passed offline and Efficiency

trigger requirements

B0
s → D−

s π
+ 9618329 51016 0.53 %

B0
s → D−

s π
+π−π+ 9522146 31070 0.33 %

B0 → D−π+ 9609157 64406 0.67 %

B+ → D̄0D+
s 4974607 21626 0.43 %

B+ → D̄0D+ 4995190 25036 0.50 %

B+ → D−π+µ+νµ 4971322 12889 0.26 %

finding events that have a KKπ candidate satisfying the trigger criteria are listed in

Table 6.2.

For each exclusive B decay sample listed in Table 6.2, we obtain the impact pa-

rameter distribution for the reconstructed KKπ candidates. These individual impact

parameter distributions are weighted and combined to obtain a distribution that has

contributions from various sources, emulating the secondary KKπ impact parame-

ter distribution in data. Using this procedure, we obtain a combined KKπ impact

parameter distribution, separately for secondary D±
s and secondary D± mesons.

In order to extract the shape of the secondary D±
s /D± impact parameter com-

ponent, we perform an unbinned likelihood fit using the combined KKπ impact

parameter distributions. A sum of two exponential functions is used to parameterize

the impact parameter distribution in the fit, which is performed in ranges of pT of

the KKπ candidates [37]. The combined KKπ impact parameter distributions and

the projections from the likelihood fit in the lowest pT range are shown in Figure 6.5.
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We obtain similar levels of agreement between the combined KKπ impact parameter

distribution and the projections in the other four pT ranges in which the likelihood

fit is performed.
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Figure 6.5.: Impact parameter distribution of KKπ candidates found in Monte Carlo samples of B decays, superimposed

with projections obtained from the likelihood fit.
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The probability density function for secondary D±
s /D± mesons obtained by study-

ing Monte Carlo samples of B decays is convoluted with the prompt resolution Gaus-

sian function, prior to using it to describe the secondary D±
s /D± component in the

KKπ impact parameter distribution in data. This is done in order to incorporate

the detector resolution effects in the probability density functions that are obtained

using the generator level information in the Monte Carlo samples.

6.1.6 Fits to the KKπ invariant mass and impact parameter distributions

The separation of prompt and secondary components is done statistically by per-

forming an unbinned likelihood fit using the invariant mass, M(KKπ), distribution

and the impact parameter, d0(KKπ), distributions of the reconstructed KKπ can-

didates. In this likelihood fit, the probability density functions used to describe the

shape of the various components in the M(KKπ) and d0(KKπ) distributions give

the likelihood that a given KKπ candidate is part of the prompt D±
s /D± component

in the signal peak, the secondary D±
s /D± component in the signal peak, the wide

resonant peak or the combinatorial background component. The following functions

are used to describe the shape of the various components in the likelihood fit:

• the shape of the prompt D±
s /D

± component in the d0(KKπ) distribution is

described using a sum of two Gaussian functions, both centered at zero but

with different widths.

• the shape of the background component in the d0(KKπ) distribution is de-

scribed using the sum of a Gaussian function and an exponential function. We

compare the impact parameter distribution in the lower, middle and upper side-

band regions in the M(KKπ) distribution and find that the background impact

parameter is independent of mass. Hence, we use the same function to describe

the shape of the background impact parameter in the sideband region and under

the D±
s /D

± signal peaks.
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• the shape of the secondary D±
s /D

± component in the d0(KKπ) distribution

is described using the probability density function obtained from Monte Carlo

samples of B decays described in Section 6.1.5 convoluted with the prompt

resolution function.

• the shape of components in the M(KKπ) distribution is described using the

probability density functions discussed in sections 6.1.1 and 6.1.2.

The results of the likelihood fit indicate that approximately 75% of D±
s mesons

are prompt, whereas approximately 93% of D± mesons contribute to the prompt

component in the data. The fraction of the prompt D±
s /D± mesons obtained from

the likelihood fit in various ranges of pT (KKπ) are listed in Table 6.3.

The lifetime of a D± meson (cτ = 311.8 µm) is more than twice the lifetime of

a D±
s meson (cτ = 149.9 µm). Hence, the trigger efficiency for prompt D±

s will be

lower than the trigger efficiency for prompt D±
s . Moreover, the production rates of

secondary D±
s and secondary D± from the combined B/B0/B0

s/b-baryon decays is

similar [1]. Therefore, we expect the number of triggered secondary D±
s /D± mesons

to be similar, but fewer prompt D±
s will be collected by the trigger compared to

prompt D±
s mesons. Hence, the measured prompt D± fraction is higher compared to

the measured prompt D±
s fraction as shown in Table 6.3.

The systematic uncertainty in the prompt fraction listed in the table is calculated

by propagating the statistical uncertainties in the parameters of the secondary prob-

ability density functions that were fitted to the Monte Carlo samples described in

Section 6.1.5. The impact parameter projections in the D±
s /D

± signal region defined

within ±3σ from the D±
s /D

± signal peak are shown in Figure 6.6 for the lowest pT

range. The projections show that we obtain good statistical separation between the

prompt and secondary components in the D±
s /D

± signals.

As described in this section, we used the KKπ invariant mass and impact param-

eter distributions to statistically separate the prompt D±
s /D± components from the

secondary and background components in the data. The next step in the analysis



101

Table 6.3: Values for promptD±
s and promptD± fraction in the data sample in ranges

of transverse momentum pT of the reconstructed KKπ candidates. The systematic

uncertainty in the prompt fraction listed in the table is calculated by propagating the

statistical uncertainties in the secondary templates that are obtained using Monte

Carlo samples of exclusive B decays.

pT range Prompt D±
s Prompt D±

fraction fraction

GeV/c ± stat ± syst ± stat ± syst

7-8 0.7347 ± 0.0042 ± 0.0020 0.9293 ± 0.0061 ± 0.0010

8-9 0.7547 ± 0.0073 ± 0.0025 0.9433 ± 0.0095 ± 0.0019

9-10 0.7477 ± 0.0072 ± 0.0028 0.9283 ± 0.0093 ± 0.0017

10-12 0.7574 ± 0.0088 ± 0.0010 0.9640 ± 0.0110 ± 0.0030

12-30 0.7481 ± 0.0096 ± 0.0037 0.9644 ± 0.0130 ± 0.0036
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is to apply the particle identification techniques described in Chapter 5, in order to

measure the fractions of kaons, pions and protons in a sample of charged particles

produced in association with D±
s /D

± mesons.
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Figure 6.6.: Impact parameter distribution of the KKπ candidates in the D±
s /D± signal region and projections from the

likelihood fit showing the prompt, secondary and background components.
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6.2 Measurement of the kaon fraction around prompt D±
s /D

± mesons

We are primarily interested in measuring the kaon fraction around the prompt

D±
s and prompt D± components for studying kaon production in association with the

creation of D±
s /D

± mesons via charm quark fragmentation. For the fragmentation

study, we select the maximum-pT track in a cone of radius ∆R = 0.7 around a

KKπ candidate based on the hypothesis that the maximum-pT is more likely to be

correlated with the production of a heavy meson in the fragmentation process. The

radius of the cone, ∆R is defined as:

∆R =
√

∆φ2 + ∆η2

where ∆φ is the azimuthal angle between the track and the D candidate and ∆η is

the difference in their pseudo-rapidity.

For about 77% of the reconstructed KKπ candidates, we find only one track

per cone that satisfys the selection criteria. For only the remaining 23% of the

reconstructed KKπ candidates, we pick the maximum-pT track out of two or three

tracks found in the cone. In addition, by studying simulated cc̄ events generated

using PYTHIA, we find that the kinematic properties of the maximum-pT track in

the cone are not affected by the underlying event activity as shown in an example

plot in Figure 6.7.

6.2.1 Likelihood fitting procedure for measuring charged particle fractions

In order to measure the kaon fractions around prompt D±
s and D±, we perform a

multidimensional unbinned likelihood fit using the following distributions in data:

1. KKπ invariant mass distribution: for separating D±
s /D

± signal, wide resonant

peak and combinatorial background components.

2. Impact parameter d0 distribution for the reconstructed KKπ candidates: for

separating prompt and secondary D±
s /D

± components in the signal peak.
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Figure 6.7.: The fraction of kaons in the sample of maximum-pT tracks found in a

cone around D±
s mesons in events generated using PYTHIA. The pT distribution is

plotted for PYTHIA samples generated by including and excluding the tuning of the

underlying event in the simulation. As we can see in the plot, the tuning does not

affect the pT distribution of the maximum-pT tracks found in the cone. The two tunes

use different sets of parameters to describe the underlying event.

3. TOF residual distribution of the maximum-pT track: for identifying kaons, pions

and protons; with better separation power in lower momentum regime.

4. Z(dE/dx) distribution of the maximum-pT track: for identifying kaons, pions

and protons in medium momentum regime, complementing the TOF system.

The underlying principle of the multidimensional fitting procedure is as follows: given

the invariant mass and impact parameter of a KKπ candidate, we can use the prob-

ability density functions describing the shape of the various components in the KKπ

invariant mass and impact parameter distributions to calculate the likelihood that the
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particular KKπ candidate is a prompt D±
s /D

± meson, a secondary D±
s /D

± meson

or part of the background component. Using the probability density functions for the

TOF and dE/dx distributions, we can calculate the likelihood that the maximum-pT

track found in the cone around a reconstructed KKπ candidate is a kaon, pion or

proton.

In the fit, the likelihood per event is formulated as follows:

L(m, d0, tr, z) = (1 − fD±
s
− fD±)FB(m, d0, tr, z) + fD±

s
FD±

s
(m, d0, tr, z)

+ fD±FD±(m, d0, tr, z) (6.1)

where fD±
s

and fD± is the fraction of all reconstructed KKπ candidates at-

tributed to the D±
s and D± signals respectively. The variables m and d0 represent

the KKπ invariant mass and KKπ candidate impact parameter. The TOF residual

and Z(dE/dx) of the maximum-pT track found in the cone are denoted by tr and z

respectively. The notations FD±
s
(m, d0, tr, z) and FD±(m, d0, tr, z) denote the multi-

dimensional probability density functions for the invariant mass, impact parameter

and particle identification measurements. The corresponding multi-dimensional prob-

ability density function for the background component is denoted by FB(m, d0, tr, z).

The expression for the multi-dimensional probability density function for D±
s or D±

is given by:

FDi
(m, d0, tr, z) = MDi

(m)
[

pDi
PDi

(d0, tr, z) + (1 − pDi
)SDi

(d0, tr, z)
]

(6.2)

where MDi
(m) is the probability density function that describes the shape of the

D±
s or D±} signals in the KKπ invariant mass distributions and pDi

is the prompt

fraction for D±
s or D± mesons.

PDi
(d0, tr, z) = F p

Di
(d0)

∑

j=π,K,p

f
p|i
j Tj(tr)Gj(z) (6.3)

where F p
Di

(d0) describes the shape of the prompt component in the impact parameter

distribution and f
p|i
j represent the fraction of particle type j ∈ {π,K, p} measured

around the prompt Di component, for Di ∈ {D±
s , D

±}.
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SDi
(d0, tr, z) = F s

Di
(d0)

∑

j=π,K,p

f
s|i
j Tj(tr)Gj(z) (6.4)

where F s
Di

(d0) describes the shape of the secondary component in the impact pa-

rameter distribution and f
s|i
j represent the fraction of particle type j ∈ {π,K, p}

measured around the secondary Di component. In equations 6.3 and 6.4, Tj(tr) and

Gj(z) represent the probability density functions for the TOF residual distribution

and the Z(dE/dx) distribution respectively. In Equation 6.1, the multi-dimensional

probability density function for the background component is given by:

FB(m, d0, tr, z) = MB(m)FB(d0)
∑

j=π,K,p

fB
j Tj(tr)Gj(z) (6.5)

where MB(m) and FB(d0) describe the shape of the background component in the

KKπ invariant mass and impact parameter distribution respectively. The notation

fB
j represents the fraction of particle type j ∈ {π,K, p} measured in the background

component.

Although we measure particle fractions around the all components separately in

the fitting procedure, we are mainly interested in the kaon fraction around the prompt

D±
s /D

± component for a direct comparison with predictions of the fragmentation

models used in the Monte Carlo event generators.

6.2.2 Kaon fraction extracted from the likelihood fitting procedure

The kaon fraction measured around promptD±
s /D

± mesons in ranges of transverse

momentum (pT ) of the maximum-pT track found in the cone is shown in Figure 6.8.

The kaon fraction is measured in two charge scenarios:

1. opposite sign charge scenario, where the track in the cone and the reconstructed

KKπ candidate have opposite charge.

2. same sign charge scenario, where the track in the cone and the reconstructed

KKπ candidate have same charge.
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In addition to measuring the kaon fraction as a function of pT , we also measure

the kaon fraction in ranges of other kinematic variables. A detailed description and

discussion of the results for all the kinematic variables is provided in Chapter 8.

The measured kaon fraction shown in Figure 6.8 has statistical uncertainty that is

obtained from the likelihood fitting procedure. The distributions in the figure show

fluctuations that do not seem to be consistent within the bounds of the statistical

uncertainties that are generally small. Hence, it is important to study possible sys-

tematic sources that could lead to these fluctuations in the distributions. In the next

chapter, we describe the evaluation of systematic uncertainties in the measured kaon

fraction.
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Figure 6.8.: Distribution of kaon fraction measured around prompt D±
s /D

± mesons

in ranges of transverse momentum (pT ) of the maximum-pT track found in the cone.

The error bars depict only statistical uncertainty obtained from the likelihood fit.
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7. OVERVIEW OF SYSTEMATIC STUDIES

Before comparing the results described in the previous chapter with the fragmentation

models, we must evaluate the size of any systematic effects that could introduce biases.

This chapter describes several potential sources of bias and the procedures used to

quantify how large an effect they could have on the measured kaon fractions.

7.1 Systematic uncertainty due to effect of kaons decaying in flight

As described in Section 5.6, kaons produced in pp̄ collisions can sometimes decay

before traversing the CDF tracking systems and can be instead identified as pions.

We correct for the loss of kaons decaying in flight to obtain the true kaon fraction,

using the following transformation between the measured (fi) and true (f̂i) particle

fractions in the sample:

fK = f̂K − w(pT )f̂K (7.1)

fπ = f̂π + w(pT )f̂K (7.2)

where w(pT ) is the fraction of kaons decaying in flight that are identified as pions,

which is parametrized using w(pT ) = a0 + a1pT , where the values of the parameters

a0, a1 are listed in Table 5.5.

In order to estimate the systematic uncertainty due to the effect of kaons decaying

in flight, we introduce a prior constraint function in the likelihood fit, which constrains

the values of w0 and w1 in the fitting procedure:

χ2(w) =
∑

(ai − âi)V
−1
ij (aj − âj) (7.3)

where ai ∈ {a0, a1} and âi denotes the central values of the parameters listed in

Table 5.5, and V is the element of the 2× 2 covariance matrix where the off-diagonal

element is obtained using the correlation coefficient listed in Table 5.5. The statistical
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uncertainty in a0, a1 is propagated in the true kaon fraction using this procedure in

the likelihood fit.

7.2 Systematic error due to mis-identification of particle types

The results of test studies described in Section 5.4 indicated the presence of a

small bias induced in the measured particle fractions that manifests itself as the mis-

identification of particle types. In Section 5.5, we described a model that is used to

account for this bias in the measured particle fractions. Using the model, we propose

that the true particle fractions and the measured particle fractions are related using

the following linear transformation:
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where f̂i is the true particle fraction of particle type i and and fi is the measured

particle fraction. The parameters αij give the estimate of the bias induced in the

measured fraction of particle type i due to the presence of particle type j in the

sample. The values of the bias-matrix elements obtained by studying pure pion and

pure kaon samples are listed in tables 5.1 and 5.2.

In the multi-dimensional likelihood fit performed to extract the kaon fraction

around the prompt D±
s /D

±components in data, we apply a correction in the true

particle fractions f̂π, f̂k and f̂p using the bias correction model:

fπ = αππf̂π + αkπf̂k + αpπf̂p (7.4)

fk = απkf̂π + αkkf̂k + αpkf̂p (7.5)

fp = απpf̂π + αkpf̂k + αppf̂p (7.6)
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We estimate the systematic uncertainty in the true particle fractions that results

from propagating the statistical uncertainty in the bias-matrix elements. Ideally, the

propagation can be done using a prior constraint function in the likelihood fit for

the αij parameters. Since the parameters are obtained in ranges of pT , we obtain

a 3 × 3 matrix in each momentum range. Hence, we would need to include a prior

constraint function in the likelihood fit for each momentum range, which makes the

implementation of the procedure very complicated.

Instead, we opt to use a method that provides a reasonable estimate of the system-

atic uncertainty but is easier to implement. We calculate the systematic uncertainty

in the measured kaon fraction by varying each of the αij parameters by ±1σ (statis-

tical error) and perform a likelihood fit in each case. From the set of likelihood fits,

we calculate the maximum positive and maximum negative variation in the measured

kaon fraction. The maximum positive variation and the maximum negative variation

is quoted as a systematic uncertainty.

7.3 Systematic uncertainty due to TOF and dE/dx parameterization

We calibrate the TOF and dE/dx response of the detector using control samples

as described in Chapter 5. The parameters in the probability density functions used

for calibration have statistical errors due to finite size of the control samples. We

estimate the systematic uncertainty in the measured kaon fraction that results from

propagating the statistical errors in the TOF and dE/dx parameterization.

Ideally, the error propagation can be done using a prior constraint function in

the likelihood fit for the parameters in the TOF and dE/dx components. However,

the combined particle identification parameterizations have 33 parameters that are

obtained in ranges of transverse momentum, which makes the inclusion of a prior

constraint function for a 33 × 33 matrix cumbersome.
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Instead, we use a method that provides a reasonable estimate of the systematic

uncertainty but is easier to implement, which is similar to the procedure that was

used to estimate the systematic uncertainty in Section 7.2:

• measure the kaon fraction (fK) around prompt D±
s , D

± mesons,

• vary the parameters in the TOF and dE/dx probability density functions by

±1σ (statistical uncertainty),

• re-measure the kaon fraction (f ′
K) around prompt D±

s , D
± mesons,

• calculate the variation ∆fK in the measured kaon fraction for each parameter

that is varied by ±1σ: ∆fK = fK − f ′
K ,

• identify the maximum positive variation for TOF and dE/dx template param-

eters: ∆f
TOF |+
K and ∆f

dE/dx|+
K ,

• Identify the maximum negative variation for TOF and dE/dx template param-

eters: ∆f
TOF |−
K and ∆f

dE/dx|−
K ,

• The overall positive/negative variation in the measured kaon fraction is calcu-

lated using:

∆f
PID|+
K =

√

(

∆f
TOF |+
K

)2

+
(

∆f
dE/dx|+
K

)2

∆f
PID|−
K =

√

(

∆f
TOF |−
K

)2

+
(

∆f
dE/dx|−
K

)2

The overall positive variation ∆f
PID|+
K and negative variation ∆f

PID|−
K is quoted

as a systematic uncertainty in the measured kaon fraction that results from propagat-

ing the statistical error in the parametrization of the TOF and dE/dx distributions.

7.4 Systematic uncertainty due to parametrization of KKπ mass and d0

distributions

In order to measure particle fractions around prompt D±
s , D

± mesons, we use

the KKπ invariant mass and impact parameter distributions to separate the prompt



114

D±
s /D

±, secondary D±
s /D

± and background components. The parameters in the

probability distribution functions used to describe the shapes of the various compo-

nents in these distributions have statistical uncertainties due to finite sizes of the

Monte Carlo samples generated.

We estimate the systematic error in the measured kaon fraction that results by

propagating the statistical uncertainty in the parameters of the invariant mass and

impact parameter probability distribution functions. In this case as well, the inclusion

of a prior constraint function in the likelihood fit is cumbersome since we have 35

parameters, from the mass and d0 parameterizations in five ranges of pT (KKπ).

Using a similar procedure to the one used to evaluate the systematic uncertainty in

Section 7.3, we assess the systematic uncertainty as follows:

• measure the kaon fraction (fK) around prompt D±
s , D

± mesons,

• arrange the parameters into eight groups according to the components they

describe in the invariant mass and impact parameter distributions,

• vary the parameters describing the shapes of the components in each group by

±1σ (statistical uncertainty),

• re-measure the kaon fraction (f ′
K) around prompt D±

s , D
± mesons,

• calculate the variation ∆fK in the measured kaon fraction for each parameter

that is varied by ±1σ: ∆fK = fK − f ′
K ,

• identify the maximum positive variation ∆f
KKπ|+|g
K for each group g ∈ {1, 2....8}

of parameters,

• identify the maximum negative variation ∆f
KKπ|−|g
K for each group g ∈ {1, 2....8}

of parameters,
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• the maximum variations in all the groups are added in quadrature to calculate

the overall positive/negative variation in the measured kaon fraction:

∆f
KKπ|+
K =

√

∑

g

(

∆f
KKπ|+|g
K

)2

∆f
KKπ|−
K =

√

∑

g

(

∆f
KKπ|−|g
K

)2

where g iterates over the eight groups of parameters listed in Table 7.1.

The overall positive ∆f
KKπ|+
K and negative ∆f

KKπ|−
K variation is quoted as a sys-

tematic uncertainty in the measured kaon fraction that results from propagating the

statistical error in the parametrization of the KKπ invariant mass and impact pa-

rameter distributions.

Table 7.1: List of the groups in which the parameters describing the various compo-

nents/features in data are sorted.

Group Variable/Component

1 D±
s /D

± signal peak

2 Wide resonant structure

3 Background in M(KKπ) distribution

4 Prompt d0 resolution

5 Secondary d0 distribution

6 Background d0 distribution

7 D±
s /D

± fraction in data

8 Prompt fractions for D±
s /D

±

7.5 Summary of systematic studies

We studied various sources that can result in a systematic uncertainty in the

measured kaon fraction such as:
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• mis-identification of particle types: systematic error is denoted by ∆f
Bias|+
K and

∆f
Bias|−
K

• effect of kaons decaying in flight: systematic error is denoted by ∆fdecay
K

• propagation of the statistical error in the parameters describing the TOF and

dE/dx probability density functions: systematic error is denoted by ∆f
PID|+
K

and ∆f
PID|−
K

• propagation of the statistical error in the parameters describing the shape of

the various components in the K+K−π invariant mass and impact parameter

distributions: systematic error is denoted by ∆f
KKπ|+
K and ∆f

KKπ|−
K

The total positive and negative systematic uncertainty in the measured kaon frac-

tion is calculated by adding the contributions from the above sources in quadrature:

∆f+
syst =

√

(

∆fdecay
K

)2

+
(

∆f
KKπ|+
K

)2

+
(

∆f
PID|+
K

)2

+
(

∆f
Bias|+
K

)2

(7.7)

∆f−
syst =

√

(

∆fdecay
K

)2

+
(

∆f
KKπ|−
K

)2

+
(

∆f
PID|−
K

)2

+
(

∆f
Bias|−
K

)2

(7.8)

The results of the systematic studies indicate that the systematic uncertainties

are generally small for low transverse momentum pT < 2.0 GeV/c. For higher mo-

mentum range 2.0 < pT < 6.0 GeV/c, the most significant systematic error is the

mis-identification of particle types. The evaluated systematic uncertainties and the

results of the analysis are discussed in the next chapter.
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8. DISCUSSION OF RESULTS

As described in the previous chapter, we perform a multidimensional likelihood fit to

extract the fraction of kaons that are produced in association with prompt D±
s /D

±

mesons. While performing the measurements, we pick the maximum-pT track in

the cone around the D±
s /D

± candidates, which is based on the hypothesis that the

maximum-pT track is more likely to be correlated with the charm fragmentation

process.

In addition, using the sample of maximum pT tracks (one track per D±
s /D

± can-

didate) reduces the ambiguity in interpreting the results. If we were to include all

the tracks found in the cone around a candidate, the measured kaon fraction would

depend on the number of other tracks of various types found in the cone. Picking

the maximum-pT track solves this problem, since we analyze at most one track per

candidate in the cone around each candidate.

We measure the kaon fraction around prompt D±
s /D

± mesons in ranges of three

kinematic variables that are described below. The first variable we select is the

transverse momentum, pT , of the maximum-pT track in the cone. TheD±
s mesons that

are produced via the fragmentation of a charm quark have high transverse momentum.

When a charm quark combines with a strange/anti-strange quark to produce a D±
s

meson, an anti-strange/strange quark will be left from the ss̄ pair created in the

fragmentation process. This remaining anti-strange/strange quark will hadronizes

to produce a kaon and is typically expected to have higher pT than other particles

produced in the fragmentation process. In general, the pT of the particle produced in

the second branching of a heavy quark fragmentation process will be correlated with

the pT of the heavy meson that is created in the process. Hence, transverse momentum

is a basic kinematic quantity that can be used to study correlations between heavy

mesons and particles produced in the second branching.
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The second variable chosen for the study is the invariant mass of the D±
s or D±

candidate and the maximum-pT track in the cone, assuming the kaon mass hypothesis,

mDK , calculated using:

mDK =
√

(ED + EK)2 − |−→p D + −→p K |2 (8.1)

where ED and −→p D are the energy and momentum of the D candidate, and −→p K and

EK are the momentum and energy of the maximum-pT track in the cone. The mDK

variable is a good choice for the comparative study since it is Lorentz invariant.

And Lastly, we measure the kaon fraction in ranges of the rapidity difference

between the KKπ candidate and the maximum-pT track in the cone, along the can-

didate momentum axis, ∆y = yK − yD, where yK is the rapidity of the kaon and yD

is the rapidity of the D meson candidate:

yD =
1

2
ln

(

ED + pD

ED − pD

)

(8.2)

yK =
1

2
ln

(

EK + p‖
EK − p‖

)

(8.3)

where p‖ is the component of the track momentum parallel to the direction of the D

momentum vector p̂D. The difference of D±
s rapidity and kaon rapidity along the frag-

mentation axis would have been an ideal variable for comparison, however, in practice

it is not possible to extract the direction of the fragmentation axis, hence we use the

direction of the D momentum vector as an approximation for the fragmentation axis.

In addition, we measure the kaon fraction separately for D±
s K

∓ (opposite sign)

and D±
s K

± (same sign) combinations. In the opposite sign combination, we expect

the kaon production to be enhanced around prompt D±
s compared to prompt D±,

since formation of a prompt D±
s meson requires conservation of strangeness in the

first fragmentation branch as shown in Figure 1.1. In the same sign combination, we

expect the kaon production to be similar around bothD±
s /D

± mesons, since same sign

kaons are likely to be produced after the second branch in the fragmentation process

as illustrated in Figure 1.1. The fraction of opposite sign kaons around prompt D±

may be expected to be similar to the fraction of same sign kaons around prompt D±
s ,
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since both types of kaons are produced later in the fragmentation process and are not

directly correlated to the fragmentation of the heavy quark.

In the analysis presented in this dissertation, we compare the results in data with

predictions of fragmentation models used in the PYTHIA and HERWIG event gen-

erators. The PYTHIA event generator uses the string fragmentation model, whereas

the cluster fragmentation model is used in the HERWIG event generator, which are

described in Chapter 3. Using PYTHIA version 8.1 [38] and HERWIG version 6.5 [39],

we generate cc events and require the D±
s /D

± mesons to be stable particles by dis-

abling D±
s /D

± decays in the simulations. In order to extract the kaon fraction around

D±
s /D

± mesons in Monte Carlo events, we identify D±
s or D± mesons and then mea-

sure the kaon fraction in the maximum-pT track sample selected from tracks in a cone

of radius ∆R < 0.7 around the D±
s or D± mesons found in the events.

The measured kaon fraction around prompt D±
s /D

± mesons, in ranges of pT , mDK

and ∆y are shown in figures 8.1, 8.2 and 8.3 respectively. In addition, the figures also

show the kaon fraction measured in the two charge combinations, separately for both

prompt D±
s and D± mesons, and a comparison between the results and predictions

of the PYTHIA and HERWIG event generators. Tables 8.1-8.12 list the values of the

measured kaon fraction around prompt D±
s /D

± mesons, measured in the two sign

scenarios and in ranges of the three kinematic variables.

Comparing the graphs marked (a) and (b) in Figures 8.1, 8.2 and 8.3, we can

see that kaon production around prompt D±
s is enhanced compared to prompt D±,

in the opposite sign combination. This result is consistent with the naive fragmen-

tation picture, illustrated in Figure 1.1, in which opposite sign kaons are produced

in the second branch of the fragmentation process around prompt D±
s mesons and

not around prompt D± mesons. Hence, we can conclude that opposite sign kaons

produced around prompt D±
s mesons provide information about the pT , mDK and

∆y spectrum of hadrons produced in the second fragmentation branching.

Moreover, the results in graph marked (b) show that the production of opposite

sign kaons around prompt D± mesons is suppressed, as one might expect, since these
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kaons can be produced only after the third branch in the fragmentation process as

illustrated in Figure 1.1. The graphs marked (c) and (d) in figures 8.1−8.3 indicate

that in the same sign charge combination, the measured kaon fraction around both

prompt D±
s and prompt D± mesons is similar, which is expected since same sign

kaons are likely to be produced in the third branch around both mesons as shown in

Figure 1.1.

As shown in Figure 8.1, a comparison between the results and predictions of

the models indicates that the enhanced kaon fraction for the leading opposite sign

particle (graph a), is described by the models. While we observe slightly higher kaon

fraction for particles produced in subsequent fragmentation branches, compared to

the predictions of the models (graphs b, c and d). However, in figures 8.2 and 8.3, the

measured fraction for kaons produced after the second branching (graphs b, c and d)

seems to be in better qualitative agreement with predictions of the models, compared

to the fraction of kaons for particles produced in the second branching (graph a).

In conclusion, a comparison of the results with predictions of the string frag-

mentation model (used in PYTHIA) and the cluster fragmentation model (used in

HERWIG) shows that the observed enhancement of opposite sign kaons that are likely

to be produced in the second fragmentation branch, is also a feature implemented in

the models. This enhancement of opposite sign kaons is observed in all three kine-

matic variables, namely pT , mDK and ∆y. We observe interesting differences in some

distributions, however, it is un-obvious whether it would be feasible to tune the pa-

rameters in the fragmentation models such that the models provide a description of

all the features, at various levels of branching, simultaneously.
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Figure 8.1.: Kaon fraction measured around prompt D±
s /D

± mesons in ranges of

transverse momentum of the maximum-pT track found in the cone.
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Figure 8.2.: Kaon fraction measured around prompt D±
s /D

± mesons in ranges of

invariant mass of the the maximum-pT track in the cone and the D candidate. In

graph (a), the kaon fraction peaks around mDK = 2.46 GeV/c2, which corresponds

to correct mass hypothesis in cases where the maximum-pT track is likely to be an

opposite sign kaon produced in the second branch.
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Figure 8.3.: Kaon fraction measured around prompt D±
s /D

± mesons in ranges of

rapidity difference between the maximum-pT track and the D candidate along the D

momentum axis. In graph (a), the kaon fraction in the opposite sign combination

peaks around ∆y = 0, which implies that the maximum-pT track with almost similar

rapidity as compared to the D±
s meson is more likely to be a kaon.
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Table 8.1: Measured kaon fraction around prompt D±
s and prompt D± mesons in

ranges of transverse momentum (pT ) of the maximum-pT track found in the cone,

for the opposite sign charge combination. The first uncertainty is statistical and the

second is the combination of all the systematic uncertainties.

pT range Opposite sign kaon fraction Opposite sign kaon fraction

(GeV/c) around prompt D±
s around prompt D±

0.4-0.6 0.1142 ± 0.0050 +0.0053
−0.0057 0.0463 ± 0.0043 +0.0025

−0.0027

0.6-0.8 0.1978 ± 0.0063 +0.0022
−0.0021 0.0788 ± 0.0056 +0.0015

−0.0014

0.8-1.0 0.2550 ± 0.0079 +0.0025
−0.0024 0.0685 ± 0.0067 +0.0015

−0.0014

1.0-1.4 0.320 ± 0.008 +0.014
−0.015 0.0687 ± 0.0063 +0.0060

−0.0066

1.4-2.0 0.461 ± 0.011 +0.028
−0.027 0.070 ± 0.010 +0.017

−0.019

2.0-3.0 0.613 ± 0.018 +0.075
−0.068 0.123 ± 0.015 +0.069

−0.072

3.0-4.0 0.659 ± 0.025 +0.091
−0.076 0.139 ± 0.024 +0.087

−0.084

4.0-6.0 0.50 ± 0.06 +0.13
−0.11 0.07 ± 0.05 +0.11

−0.10
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Table 8.2: Measured kaon fraction around prompt D±
s and prompt D± mesons in

ranges of transverse momentum (pT ) of the maximum-pT track found in the cone, for

the same sign charge combination. The first uncertainty is statistical and the second

is the combination of all the systematic uncertainties.

pT range Same sign kaon fraction Same sign kaon fraction

(GeV/c) around prompt D±
s around prompt D±

0.4-0.6 0.0695 ± 0.0047 +0.0031
−0.0033 0.0632 ± 0.0057 +0.0027

−0.0030

0.6-0.8 0.1170 ± 0.0060 +0.0016
−0.0015 0.0960 ± 0.0068 +0.0015

−0.0015

0.8-1.0 0.1414 ± 0.0077 +0.0019
−0.0017 0.1401 ± 0.0089 +0.0021

−0.0019

1.0-1.4 0.1692 ± 0.0081 +0.0089
−0.0093 0.1736 ± 0.0091 +0.0093

−0.0097

1.4-2.0 0.210 ± 0.013 +0.022
−0.023 0.195 ± 0.012 +0.022

−0.023

2.0-3.0 0.292 ± 0.022 +0.074
−0.074 0.263 ± 0.022 +0.069

−0.073

3.0-4.0 0.319 ± 0.055 +0.090
−0.086 0.306 ± 0.051 +0.094

−0.089

4.0-6.0 0.18 ± 0.05 +0.14
−0.12 0.13 ± 0.09 +0.14

−0.12
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Table 8.3: Measured kaon fraction (fK) around prompt D±
s and prompt D± mesons in ranges of transverse momentum

(pT ) of the maximum-pT track found in the cone, for the opposite sign charge combination. The first uncertainty is the

statistical error (stat) followed by the systematic uncertainties due to sources such as: Effect of kaons decaying in flight (DIF),

probability density functions used to separate prompt and secondary D components (PDF), calibration of Time-of-Flight

and dE/dx distributions for particle identification (calib) and mis-identification of particle species (mis-ID).

pT range Opposite sign kaon fraction Opposite sign kaon fraction

(GeV/c) around prompt D±
s around prompt D±

fK stat DIF PDF calib mis-ID fK stat DIF PDF calib mis-ID

0.4-0.6 0.1142 ±0.0050 ±0.0006 +0.0004
−0.0004

+0.0010
−0.0010

+0.0052
−0.0056 0.0463 ±0.0043 ±0.0012 +0.0003

−0.0003
+0.0006
−0.0006

+0.0021
−0.0023

0.6-0.8 0.1978 ±0.0063 ±0.0011 +0.0006
−0.0007

+0.0017
−0.0015

+0.0008
−0.0008 0.0788 ±0.0056 ±0.0007 +0.0006

−0.0005
+0.0011
−0.0010

+0.0003
−0.0003

0.8-1.0 0.2550 ±0.0079 ±0.0014 +0.0011
−0.0011

+0.0014
−0.0011

+0.0010
−0.0010 0.0685 ±0.0067 ±0.0001 +0.0006

−0.0006
+0.0014
−0.0012

+0.0003
−0.0004

1.0-1.4 0.320 ±0.008 ±0.001 +0.001
−0.001

+0.005
−0.005

+0.013
−0.014 0.0687 ±0.0063 ±0.0010 +0.0005

−0.0011
+0.0033
−0.0037

+0.0049
−0.0053

1.4-2.0 0.461 ±0.011 ±0.003 +0.002
−0.002

+0.028
−0.027

+0.004
−0.004 0.070 ±0.010 ±0.000 +0.002

−0.002
+0.017
−0.018

+0.003
−0.003

2.0-3.0 0.613 ±0.018 ±0.002 +0.003
−0.003

+0.060
−0.055

+0.044
−0.040 0.123 ±0.015 ±0.003 +0.002

−0.002
+0.041
−0.050

+0.055
−0.051

3.0-4.0 0.659 ±0.025 ±0.008 +0.004
−0.004

+0.066
−0.055

+0.061
−0.052 0.139 ±0.024 ±0.005 +0.007

−0.005
+0.054
−0.053

+0.068
−0.065

4.0-6.0 0.50 ±0.06 ±0.01 +0.00
−0.00

+0.07
−0.05

+0.11
−0.09 0.072 ±0.051 ±0.005 +0.007

−0.005
+0.053
−0.053

+0.098
−0.080
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Table 8.4: Measured kaon fraction (fK) around promptD±
s and promptD± mesons in ranges of transverse momentum (pT ) of

the maximum-pT track found in the cone, for the same sign charge combination. The first uncertainty is the statistical error

(stat) followed by the systematic uncertainties due to sources such as: Effect of kaons decaying in flight (DIF), probability

density functions used to separate prompt and secondary D components (PDF), calibration of Time-of-Flight and dE/dx

distributions for particle identification (calib) and mis-identification of particle species (mis-ID).

pT range Same sign kaon fraction Same sign kaon fraction

(GeV/c) around prompt D±
s around prompt D±

fK stat DIF PDF calib mis-ID fK stat DIF PDF calib mis-ID

0.4-0.6 0.0695 ±0.0047 ±0.0004 +0.0003
−0.0003

+0.0005
−0.0005

+0.0030
−0.0033 0.0632 ±0.0057 ±0.0002 +0.0004

−0.0003
+0.0005
−0.0005

+0.0027
−0.0029

0.6-0.8 0.1170 ±0.0060 ±0.0007 +0.0003
−0.0003

+0.0013
−0.0012

+0.0005
−0.0005 0.0960 ±0.0068 ±0.0005 +0.0007

−0.0007
+0.0012
−0.0011

+0.0004
−0.0004

0.8-1.0 0.1414 ±0.0077 ±0.0008 +0.0005
−0.0005

+0.0016
−0.0013

+0.0006
−0.0006 0.1401 ±0.0089 ±0.0007 +0.0012

−0.0012
+0.0014
−0.0012

+0.0006
−0.0006

1.0-1.4 0.1692 ±0.0081 ±0.0009 +0.0005
−0.0006

+0.0039
−0.0039

+0.0080
−0.0084 0.1736 ±0.0091 ±0.0008 +0.0011

−0.0013
+0.0041
−0.0041

+0.0082
−0.0087

1.4-2.0 0.210 ±0.013 ±0.002 +0.001
−0.001

+0.022
−0.022

+0.003
−0.002 0.195 ±0.012 ±0.001 +0.002

−0.001
+0.022
−0.023

+0.003
−0.003

2.0-3.0 0.292 ±0.022 ±0.002 +0.001
−0.001

+0.053
−0.057

+0.051
−0.047 0.263 ±0.022 ±0.002 +0.003

−0.003
+0.047
−0.056

+0.050
−0.046

3.0-4.0 0.319 ±0.055 ±0.003 +0.002
−0.002

+0.061
−0.061

+0.066
−0.061 0.306 ±0.051 ±0.003 +0.006

−0.007
+0.061
−0.059

+0.071
−0.066

4.0-6.0 0.18 ±0.05 ±0.00 +0.00
−0.00

+0.06
−0.06

+0.12
−0.10 0.13 ±0.09 ±0.01 +0.01

−0.01
+0.06
−0.06

+0.13
−0.10
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Table 8.5: Measured kaon fraction around prompt D±
s and prompt D± mesons in

ranges of the invariant mass of the D candidate and the maximum-pT track found in

the cone (mDK), for the opposite sign charge combination. The first uncertainty is

statistical and the second is the combination of all the systematic uncertainties.

mDK range Opposite sign kaon fraction Opposite sign kaon fraction

(GeV/c2) around prompt D±
s around prompt D±

2.2-2.5 0.512 ± 0.041 +0.059
−0.052 0.034 ± 0.011 +0.051

−0.050

2.5-2.6 0.386 ± 0.015 +0.044
−0.040 0.043 ± 0.009 +0.038

−0.037

2.6-2.7 0.376 ± 0.012 +0.037
−0.033 0.060 ± 0.008 +0.031

−0.031

2.7-2.8 0.292 ± 0.010 +0.031
−0.028 0.066 ± 0.007 +0.025

−0.025

2.8-3.0 0.259 ± 0.007 +0.023
−0.021 0.069 ± 0.005 +0.019

−0.019

3.0-3.2 0.225 ± 0.007 +0.020
−0.019 0.067 ± 0.007 +0.016

−0.016

3.2-3.5 0.245 ± 0.009 +0.025
−0.022 0.081 ± 0.010 +0.020

−0.020

3.5-5.0 0.254 ± 0.013 +0.046
−0.040 0.128 ± 0.015 +0.040

−0.039
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Table 8.6: Measured kaon fraction around prompt D±
s and prompt D± mesons in

ranges of the invariant mass of the D candidate and the maximum-pT track found

in the cone (mDK), for the same sign charge combination. The first uncertainty is

statistical and the second is the combination of all the systematic uncertainties.

mDK range Same sign kaon fraction Same sign kaon fraction

(GeV/c2) around prompt D±
s around prompt D±

2.2-2.5 0.115 ± 0.046 +0.053
−0.051 0.154 ± 0.017 +0.052

−0.051

2.5-2.6 0.164 ± 0.017 +0.040
−0.039 0.139 ± 0.012 +0.039

−0.038

2.6-2.7 0.155 ± 0.012 +0.032
−0.032 0.124 ± 0.011 +0.032

−0.031

2.7-2.8 0.121 ± 0.009 +0.026
−0.025 0.118 ± 0.010 +0.026

−0.025

2.8-3.0 0.122 ± 0.006 +0.019
−0.019 0.114 ± 0.007 +0.019

−0.019

3.0-3.2 0.116 ± 0.006 +0.016
−0.016 0.128 ± 0.009 +0.016

−0.016

3.2-3.5 0.136 ± 0.008 +0.021
−0.020 0.138 ± 0.012 +0.020

−0.020

3.5-5.0 0.190 ± 0.013 +0.043
−0.042 0.199 ± 0.020 +0.043

−0.041
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Table 8.7: Measured kaon fraction (fK) around prompt D±
s and prompt D± mesons in ranges of the invariant mass of

the D candidate and the maximum-pT track found in the cone (mDK), for the opposite sign charge combination. The

first uncertainty is the statistical error (stat) followed by the systematic uncertainties due to sources such as: Effect of

kaons decaying in flight (DIF), probability density functions used to separate prompt and secondary D components (PDF),

calibration of Time-of-Flight and dE/dx distributions for particle identification (calib) and mis-identification of particle

species (mis-ID).

mDK range Opposite sign kaon fraction Opposite sign kaon fraction

(GeV/c2) around prompt D±
s around prompt D±

fK stat DIF PDF calib mis-ID fK stat DIF PDF calib mis-ID

2.2-2.5 0.512 ±0.041 ±0.010 +0.003
−0.003

+0.044
−0.039

+0.038
−0.033 0.034 ±0.011 ±0.005 +0.003

−0.002
+0.032
−0.035

+0.039
−0.036

2.5-2.6 0.386 ±0.015 ±0.002 +0.002
−0.002

+0.034
−0.030

+0.029
−0.026 0.043 ±0.009 ±0.002 +0.002

−0.002
+0.024
−0.026

+0.029
−0.027

2.6-2.7 0.376 ±0.012 ±0.002 +0.002
−0.002

+0.028
−0.025

+0.025
−0.022 0.060 ±0.008 ±0.000 +0.002

−0.002
+0.020
−0.022

+0.024
−0.022

2.7-2.8 0.292 ±0.010 ±0.001 +0.002
−0.002

+0.023
−0.021

+0.020
−0.018 0.066 ±0.007 ±0.001 +0.002

−0.002
+0.016
−0.018

+0.019
−0.018

2.8-3.0 0.259 ±0.007 ±0.001 +0.002
−0.002

+0.017
−0.015

+0.016
−0.014 0.069 ±0.005 ±0.000 +0.001

−0.001
+0.012
−0.013

+0.014
−0.013

3.0-3.2 0.225 ±0.007 ±0.001 +0.001
−0.001

+0.015
−0.014

+0.014
−0.013 0.067 ±0.007 ±0.000 +0.001

−0.001
+0.010
−0.011

+0.012
−0.011

3.2-3.5 0.245 ±0.009 ±0.001 +0.002
−0.002

+0.019
−0.017

+0.016
−0.014 0.081 ±0.010 ±0.001 +0.001

−0.002
+0.013
−0.014

+0.015
−0.013

3.5-5.0 0.254 ±0.013 ±0.001 +0.002
−0.002

+0.034
−0.030

+0.030
−0.026 0.128 ±0.015 ±0.000 +0.002

−0.003
+0.025
−0.027

+0.031
−0.028
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Table 8.8: Measured kaon fraction (fK) around prompt D±
s and prompt D± mesons in ranges of the invariant mass of the D

candidate and the maximum-pT track found in the cone (mDK), for the same sign charge combination. The first uncertainty

is the statistical error (stat) followed by the systematic uncertainties due to sources such as: Effect of kaons decaying in

flight (DIF), probability density functions used to separate prompt and secondary D components (PDF), calibration of

Time-of-Flight and dE/dx distributions for particle identification (calib) and mis-identification of particle species (mis-ID).

mDK range Same sign kaon fraction Same sign kaon fraction

(GeV/c2) around prompt D±
s around prompt D±

fK stat DIF PDF calib mis-ID fK stat DIF PDF calib mis-ID

2.2-2.5 0.115 ±0.046 ±0.003 +0.001
−0.001

+0.037
−0.038

+0.038
−0.034 0.154 ±0.017 ±0.001 +0.003

−0.003
+0.035
−0.038

+0.039
−0.034

2.5-2.6 0.164 ±0.017 ±0.003 +0.001
−0.001

+0.028
−0.029

+0.028
−0.026 0.139 ±0.012 ±0.001 +0.002

−0.002
+0.027
−0.028

+0.029
−0.026

2.6-2.7 0.155 ±0.012 ±0.000 +0.001
−0.001

+0.023
−0.024

+0.023
−0.021 0.124 ±0.011 ±0.000 +0.002

−0.002
+0.022
−0.023

+0.024
−0.021

2.7-2.8 0.121 ±0.009 ±0.001 +0.001
−0.001

+0.018
−0.019

+0.019
−0.017 0.118 ±0.010 ±0.001 +0.002

−0.002
+0.018
−0.019

+0.019
−0.017

2.8-3.0 0.122 ±0.006 ±0.001 +0.001
−0.001

+0.013
−0.014

+0.014
−0.013 0.114 ±0.007 ±0.000 +0.001

−0.002
+0.013
−0.014

+0.014
−0.013

3.0-3.2 0.116 ±0.006 ±0.001 +0.001
−0.001

+0.012
−0.012

+0.012
−0.011 0.128 ±0.009 ±0.001 +0.001

−0.001
+0.011
−0.012

+0.012
−0.011

3.2-3.5 0.136 ±0.008 ±0.001 +0.001
−0.001

+0.015
−0.015

+0.014
−0.013 0.138 ±0.012 ±0.001 +0.001

−0.002
+0.014
−0.015

+0.014
−0.013

3.5-5.0 0.190 ±0.013 ±0.001 +0.001
−0.001

+0.029
−0.030

+0.031
−0.028 0.199 ±0.020 ±0.001 +0.002

−0.003
+0.028
−0.030

+0.032
−0.028
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Table 8.9: Measured kaon fraction around prompt D±
s and prompt D± mesons in

ranges of the rapidity difference between the D candidate and the maximum-pT track

found in the cone along the direction of the D momentum axis (∆y), for the opposite

sign charge combination. The first uncertainty is statistical and the second is the

combination of all the systematic uncertainties.

Opposite sign kaon fraction Opposite sign kaon fraction

∆y range around prompt D±
s around prompt D±

(−6,−4) 0.1470 ± 0.0089 +0.0086
−0.0083 0.0674 ± 0.0071 +0.0058

−0.0060

(−4,−3.5) 0.173 ± 0.008 +0.010
−0.010 0.0634 ± 0.0063 +0.0070

−0.0072

(−3.5,−3) 0.208 ± 0.007 +0.012
−0.011 0.0715 ± 0.0054 +0.0087

−0.0090

(−3,−2.5) 0.276 ± 0.007 +0.017
−0.015 0.083 ± 0.007 +0.012

−0.013

(−2.5,−2) 0.318 ± 0.009 +0.024
−0.022 0.064 ± 0.008 +0.018

−0.019

(−2,−1.5) 0.382 ± 0.012 +0.034
−0.031 0.067 ± 0.011 +0.027

−0.027

(−1.5,−1) 0.455 ± 0.015 +0.047
−0.042 0.031 ± 0.014 +0.039

−0.040

(−1, 0) 0.603 ± 0.020 +0.069
−0.061 0.062 ± 0.015 +0.062

−0.061

(0, 2) 0.575 ± 0.033 +0.100
−0.084 0.060 ± 0.026 +0.091

−0.085
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Table 8.10: Measured kaon fraction around prompt D±
s and prompt D± mesons in

ranges of the rapidity difference between the D candidate and the maximum-pT track

found in the cone along the direction of the D momentum axis (∆y), for the same

sign charge combination. The first uncertainty is statistical and the second is the

combination of all the systematic uncertainties.

Same sign kaon fraction Same sign kaon fraction

∆y range around prompt D±
s around prompt D±

(−6,−4) 0.0964 ± 0.0084 +0.0070
−0.0070 0.0968 ± 0.0089 +0.0069

−0.0069

(−4,−3.5) 0.1125 ± 0.0079 +0.0083
−0.0082 0.1048 ± 0.0089 +0.0082

−0.0082

(−3.5,−3) 0.118 ± 0.007 +0.010
−0.010 0.116 ± 0.008 +0.010

−0.010

(−3,−2.5) 0.139 ± 0.007 +0.015
−0.014 0.136 ± 0.008 +0.014

−0.015

(−2.5,−2) 0.166 ± 0.009 +0.021
−0.021 0.157 ± 0.010 +0.021

−0.021

(−2,−1.5) 0.172 ± 0.013 +0.030
−0.029 0.176 ± 0.014 +0.029

−0.030

(−1.5,−1) 0.208 ± 0.020 +0.042
−0.042 0.182 ± 0.020 +0.041

−0.042

(−1, 0) 0.166 ± 0.014 +0.066
−0.064 0.216 ± 0.026 +0.066

−0.064

(0, 2) 0.11 ± 0.04 +0.10
−0.09 0.18 ± 0.04 +0.10

−0.09
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Table 8.11: Measured kaon fraction (fK) around prompt D±
s and prompt D± mesons in ranges of the rapidity difference

between the D candidate and the maximum-pT track found in the cone along the direction of the D momentum axis (∆y),

for the opposite sign charge combination. The first uncertainty is the statistical error (stat) followed by the systematic

uncertainties due to sources such as: Effect of kaons decaying in flight (DIF), probability density functions used to separate

prompt and secondary D components (PDF), calibration of Time-of-Flight and dE/dx distributions for particle identification

(calib) and mis-identification of particle species (mis-ID).

Opposite sign kaon fraction Opposite sign kaon fraction

∆y range around prompt D±
s around prompt D±

fK stat DIF PDF calib mis-ID fK stat DIF PDF calib mis-ID

(−6,−4) 0.1470 ±0.0089 ±0.0006 +0.0010
−0.0010

+0.0055
−0.0051

+0.0065
−0.0064 0.0674 ±0.0071 ±0.0003 +0.0009

−0.0013
+0.0038
−0.0040

+0.0043
−0.0042

(−4,−3.5) 0.1731 ±0.0083 ±0.0008 +0.0011
−0.0011

+0.0070
−0.0064

+0.0072
−0.0070 0.0634 ±0.0063 ±0.0004 +0.0008

−0.0013
+0.0047
−0.0051

+0.0051
−0.0049

(−3.5,−3) 0.2075 ±0.0070 ±0.0008 +0.0012
−0.0013

+0.0089
−0.0082

+0.0082
−0.0079 0.0715 ±0.0054 ±0.0003 +0.0009

−0.0012
+0.0061
−0.0066

+0.0062
−0.0059

(−3,−2.5) 0.276 ±0.007 ±0.001 +0.001
−0.002

+0.013
−0.012

+0.011
−0.010 0.0833 ±0.0066 ±0.0002 +0.0010

−0.0013
+0.0087
−0.0095

+0.0087
−0.0082

(−2.5,−2) 0.318 ±0.009 ±0.001 +0.002
−0.002

+0.019
−0.017

+0.015
−0.014 0.064 ±0.008 ±0.002 +0.001

−0.001
+0.013
−0.014

+0.013
−0.012

(−2,−1.5) 0.382 ±0.012 ±0.002 +0.002
−0.002

+0.027
−0.024

+0.020
−0.018 0.067 ±0.011 ±0.001 +0.002

−0.002
+0.018
−0.020

+0.019
−0.018

(−1.5,−1) 0.455 ±0.015 ±0.002 +0.002
−0.003

+0.038
−0.034

+0.028
−0.025 0.031 ±0.014 ±0.004 +0.002

−0.002
+0.026
−0.029

+0.029
−0.026

(−1, 0) 0.603 ±0.020 ±0.004 +0.003
−0.003

+0.053
−0.047

+0.045
−0.039 0.062 ±0.015 ±0.003 +0.003

−0.002
+0.038
−0.042

+0.049
−0.044

(0, 2) 0.575 ±0.033 ±0.007 +0.003
−0.003

+0.064
−0.055

+0.076
−0.064 0.060 ±0.026 ±0.003 +0.006

−0.004
+0.050
−0.052

+0.076
−0.067
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Table 8.12: Measured kaon fraction (fK) around prompt D±
s and prompt D± mesons in ranges of the rapidity difference

between the D candidate and the maximum-pT track found in the cone along the direction of the D momentum axis (∆y), for

the same sign charge combination. The first uncertainty is the statistical error (stat) followed by the systematic uncertainties

due to sources such as: Effect of kaons decaying in flight (DIF), probability density functions used to separate prompt and

secondary D components (PDF), calibration of Time-of-Flight and dE/dx distributions for particle identification (calib) and

mis-identification of particle species (mis-ID).

Same sign kaon fraction Same sign kaon fraction

∆y range around prompt D±
s around prompt D±

fK stat DIF PDF calib mis-ID fK stat DIF PDF calib mis-ID

(−6,−4) 0.0964 ±0.0084 ±0.0002 +0.0003
−0.0003

+0.0046
−0.0047

+0.0052
−0.0051 0.0968 ±0.0089 ±0.0005 +0.0009

−0.0010
+0.0045
−0.0046

+0.0051
−0.0049

(−4,−3.5) 0.1125 ±0.0079 ±0.0003 +0.0004
−0.0005

+0.0058
−0.0059

+0.0059
−0.0057 0.1048 ±0.0089 ±0.0006 +0.0010

−0.0011
+0.0056
−0.0058

+0.0059
−0.0056

(−3.5,−3) 0.1181 ±0.0066 ±0.0007 +0.0005
−0.0005

+0.0076
−0.0077

+0.0071
−0.0068 0.1156 ±0.0079 ±0.0007 +0.0011

−0.0013
+0.0073
−0.0077

+0.0071
−0.0067

(−3,−2.5) 0.139 ±0.007 ±0.001 +0.001
−0.001

+0.011
−0.011

+0.010
−0.009 0.136 ±0.008 ±0.001 +0.001

−0.002
+0.011
−0.011

+0.010
−0.009

(−2.5,−2) 0.166 ±0.009 ±0.001 +0.001
−0.001

+0.016
−0.016

+0.014
−0.013 0.157 ±0.010 ±0.001 +0.002

−0.002
+0.015
−0.016

+0.014
−0.013

(−2,−1.5) 0.172 ±0.013 ±0.001 +0.001
−0.001

+0.022
−0.023

+0.020
−0.018 0.176 ±0.014 ±0.003 +0.002

−0.002
+0.022
−0.023

+0.020
−0.018

(−1.5,−1) 0.208 ±0.020 ±0.001 +0.001
−0.001

+0.031
−0.033

+0.028
−0.026 0.182 ±0.020 ±0.001 +0.002

−0.003
+0.030
−0.033

+0.028
−0.026

(−1, 0) 0.166 ±0.014 ±0.000 +0.001
−0.001

+0.046
−0.048

+0.048
−0.043 0.216 ±0.026 ±0.005 +0.003

−0.003
+0.044
−0.047

+0.049
−0.043

(0, 2) 0.110 ±0.035 ±0.006 +0.002
−0.002

+0.059
−0.059

+0.084
−0.073 0.181 ±0.039 ±0.009 +0.004

−0.005
+0.057
−0.058

+0.087
−0.073
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8.1 Cross check using displaced tracks around secondary D±
s

As described in the previous sections, the measurement of kaon fraction around

the prompt D±
s /D± components is done using a multidimensional likelihood fitting

procedure. We conduct a cross check of this procedure using a sample of displaced

tracks around secondary D±
s , and compare it to the kaon fraction expected in a sample

of tracks that can be modeled with reasonable accuracy.

This study involves comparing the measured fraction of kaons produced in B

decays with predictions of the PYTHIA event generator, using a sample of tracks

with impact parameter in the range 200 µm < d0 < 2 mm, found in a cone of

radius ∆R = 0.7 around the reconstructed KKπ candidates. This impact parameter

selection is the opposite of the criteria used for tracks in the charm fragmentation

study in which we require d0 < 200 µm.

In this cross check, we measure the kaon fraction in the displaced track sample

around the secondary D±
s and D± components in data. However, we can conduct the

cross check more reliably using the secondary D±
s component, which is about 25% of

the total D±
s component. In addition, we do not split the sample of displaced tracks

into opposite-sign and same-sign charge tracks since we are not particularly interested

in studying charge correlations in the displaced track sample.

We compare the measured kaon fraction around secondary D±
s component ob-

tained from the fitting procedure with the kaon fraction around secondary D±
s mesons

found in a generic bb̄ sample generated using the PYTHIA event generator. The kaon

fraction measured in ranges of pT is listed in the Table 8.13. The measured fraction

in the PYTHIA sample is also shown in the table. Figure 8.4 shows a graph of the

distribution of the measured kaon fraction as a function of transverse momentum.

The results of the cross check indicate that the measured kaon fraction is in

reasonable agreement with PYTHIA predictions. This implies that we can interpret

the measured kaon fraction around secondary D±
s using the Monte Carlo simulations

of B decay products. Hence, we can conclude that the kaon fractions, extracted using
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our measurement technique, in other samples such as the sample used in the charm

fragmentation study, are determined with similar or better accuracy.

Table 8.13: Measured kaon fraction in a sample of displaced tracks found in a cone

around secondary D±
s mesons. The table also shows predictions of the PYTHIA event

generator.

pT range Kaon fraction Kaon fraction

around secondary D±
s around secondary D±

s

(GeV/c) (Data) (PYTHIA)

0.4-0.6 0.0440 +0.0247
−0.0251 0.0628 ± 0.0013

0.6-0.8 0.1177 +0.0246
−0.0246 0.1228 ± 0.0020

0.8-1.0 0.1611 +0.0287
−0.0287 0.1908 ± 0.0027

1.0-1.4 0.1783 +0.0377
−0.0382 0.2336 ± 0.0024

1.4-2.0 0.1770 +0.0441
−0.0438 0.2292 ± 0.0024

2.0-6.0 0.2897 +0.1313
−0.1179 0.2016 ± 0.0018
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Figure 8.4.: Distribution of kaon fraction measured around secondary D±
s mesons as

a function of the transverse momentum of the maximum-pT displaced track found in

the cone.
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9. SUMMARY

We conducted an analysis to study some aspects of the non-perturbative quark frag-

mentation phenomenon by measuring the distribution of kaon fraction around prompt

D±
s /D

± mesons produced via the hadronization of charm quarks. The results in data

indicate that the in the opposite sign D±
(s)K

∓ charge combination, kaon production

around prompt D±
s is enhanced compared to production around prompt D±.

In the same sign D±
(s)K

± charge combination, kaon production around prompt

D±
s and prompt D± is similar. The enhanced production of oppositely charged kaons

around prompt D±
s mesons is a feature of the phenomenological models used to de-

scribe the fragmentation process in the PYTHIA and HERWIG Monte Carlo event

generators.

We compared various kinematic distribution of the measured kaon fraction around

prompt D±
s /D

± mesons with predictions of the string fragmentation model used

in the PYTHIA event generator and the cluster fragmentation model used in the

HERWIG event generator. The results of the comparative study indicate that the

pT distributions for early fragmentation kaons produced around prompt D±
s are in

better qualitative agreement with predictions of fragmentation models compared to

same sign kaons that are produced in later fragmentation branches, for which the

models underestimate the fraction of kaons.

Conversely, the distribution of the measured kaon fraction as a function of the D±
s -

kaon invariant mass and D±
s -kaon rapidity-difference indicate that the fragmentation

models overestimate the fraction of kaons produced in early stages of the fragmenta-

tion process, compared to the fraction of same sign kaons that are produced in later

branches, for which the predictions of the models are in better qualitative agreement

with the distribution in data.
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The charm fragmentation study quantifies enhanced kaon production around heavy

mesons containing a strange quark, which has been observed previously in the B

system. However, this is the first study to directly measure the charge correlation

between kaons and heavy strange mesons, which formed the basis for the same side

kaon tagging technique used in the B0
s mixing analysis to infer the initial flavor of the

b quark in the B0
s mixing analysis. By specifically measuring the kinematic distribu-

tions of opposite sign kaons produced in association with D±
s mesons, we probe the

second branching in the fragmentation process that has never been studied before.



LIST OF REFERENCES



141

LIST OF REFERENCES

[1] K. Nakamura et al. (Particle Data Group), J. Phys. G 37, 075021 (2010).

[2] L.B. Okun, Particle Physics: The Quest for the Substance of Substance, Harwood
Academic Publishers, 1985.

[3] D. H. Perkins Introduction to High Energy Physics, Cambridge University Press,
2000.

[4] V. Barger and R. Phillips, Collider Physics, Addison-Wesley Publishing Company,
1997.

[5] G. Aad et al (The ATLAS collaboration), Phys. Lett. B 710, 49-66 (2012).

[6] S. Chatrchyan et al (The CMS collaboration), Phys. Lett. B 710, 26-48 (2012).

[7] L. L. Chau and W. Y. Keung, Phys. Rev. Lett. 53, 1802 (1984).

[8] L. Wolfenstein, Phys. Rev. Lett. 51, 1945 (1983).

[9] F. Halzen and A. Martin, Quarks & Leptons: An Introductory Course in Modern
Particle Physics, John Wiley & Sons Inc, 1984.

[10] R. D. Field and R. P. Feynman, Nucl. Phys. B 136, 1 (1978).

[11] R. D. Field, Applications of Perturbative QCD, Addison-Wesley Publishing Com-
pany, The Advanced Book Program, 1989.

[12] B. Andersson et al, Phys. Rev. Lett. 97, 31 (1983).
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